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THE PHYSICS OF NUCLEAR FISSION 

by A. Kraut 

Translated by Dorris Wallenbrock 

5. KINETIC ENERGY OF THE FISSION PRODUCTS 

5.1. The Kinetic Energy of Fission Products Within the Framework of 

Energy Balance 

The kinetic energy TL -F TH of the two fission fragments appears to 

stem essentially from the Coulomb energy between the fission fragments 

(considered in terms of the point a t  which the latter already exist but have 

not yet separated). 

bardment energy and, thus, of the excitation of the splitting nucleus (9 5.6), 

and a rough estimate of the Coulomb energy is known to yield a value which 

agrees with the measured mean values of TL t TH (41 5 . 6 ) .  

tion energy of the fission fragments (at that point at which they already 

exist but have not yet separated) would then have to be transformed into 

excitation energy. Following this transformation, let UL and UH be the 

excitations of the light and heavy fission fragments, respectively. 

TL -f- TH is nearly independent of the bom- 

The deforma- 

UL -f- UH supplies the energy for the emission of prompt neutrons 

and gamma-rays (91 8): 
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It is assumed here that the fission products (i. e., the fission fragments 

after the emission of the prompt neutrons) exist in the ground state, after 

the entire prompt gamma-radiation has been emitted. Deviations from 

this assumption would not result in any great e r rors ,  because the excita- 

tions of isomeric nuclei a r e  generally small compared with UL 4- UH. 

The energy liberated during fission is 

F does not contain the energy of the light particles which may have been 

emitted before fission (9 

the /%emission or  K-capture o r  the emission of delayed neutrons on the 

part of the fission products; however, it  does contain the binding energy of 

the prompt neutrons. 

1.33 and 1.431, nor the energy liberated through 

Within the limits of measurement accuracy, the kinetic energy of 
.a, 

fission fragments and fission products"' can often be equated; then, 

On the other hand, i f  Equation (5.1-3) is valid, 

for spontaneous fission, 

C' (Mz - ML - ME) 4- En 4- Bn 

for fission by slow neutrons. 

(5.1-3) 

(5.1-4) 

-7, 

Capital subscripts refer to fission fragments; lower -case subscripts refer 
to fission products. 
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M,, ML, and MH denote the ground-state masses of the compound nucleus, 

the light fission fragment, and the heavy fission fragment; En and Bn are 

the kinetic and binding energies of the bombarding neutron. 

In establishing the conservation theorem for mass numbers A and 

momentum Av, the following approximations a r e  usually applicable: 

A1 4- Ah -t E A,, (5.1-5) 

(Eq. 5. 1-6 is written for fission products instead of fission fragments.) 

The equations carry the further restriction that the projectile energy be so 

small that the projectile momentum can be neglected and a compound 

nucleus is formed. Also, 

On the basis of the above equations, one can calculate, for a pair of com- 

plementary (originated in the same act of fission) fission products, the 

masses and energies from the velocities and the velocities and masses 

from the energies. 

5.2. Measured Energy Magnitudes and Their Correlation 

5.2 1. Measurements of fission-product pa i r s .  

Measurements of T1 and Th in the case of fission- 

product pa i r s  (i. e. , fission products originating from a 
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single act of fission) a r e  shown in contour diagrams (Fig. 

5 .21-1 ) .  The contour lines a re  curves of equal frequency 

of pairs of fission products with energies between T1 and 

T1 + dT1 o r  between Th and Th + dTh. The group of 

diagonally rising lines consists of lines of constant Tl/Th; 

if the bombardment energy is sufficiently low, they a r e  

also constants of the fission ratio Ah/Al (Eq. 5. 1-7) and 

the mass numbers A1 and Ah (Eq. 5.1-5).  The group of 

diagonally descending lines consists of lines of constant 

(Ti Th). 

If we  cut the contour diagram (visualized as  three- 

dimensional), with a plane vertical to the drawing plane, 

along a line T1/Th = const, the distribution of T1 -k Th - for 

a fixed fission ratio Ah/A1 results (if the bombardment 

energy is sufficiently small). Figure 5 . 2 1 - 2  shows such 

distributions for the fission of the compound nucleus Pu242. 

The value of T1 -+ 

total kinetic energy (TI 4- Th) for the Ah/A1 under consider- 

a t  the maximum is the most probable 

ation. In addition, the mean total energy T i  4- Th can be 

calculated for each Ah/Al. By averaging Ti  4- Th over all 

Ah/A1, weighted by the frequency of the appropriate Ah/A1 

(of the area below the distribution curve), the mean total 

kinetic energy T1 -+ Th of all fission-product pairs is yielded. 
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If we drop the difference between T1 and Q, i. e., 

consider only the frequency of measured fission-product 

energies between T and T 4- dT as  a function of T, then we 

obtain the distribution of the energy T of individual fission 

products. Such distributions a r e  shown in Fig. 5.3. 

Using W 5.1, the mass numbers A1 and Ah and the 

velocities v1 and vh, and concurrently, the distributions of A 

(primary mass distribution; see cil 4.1) and of v (velocity 

distribution), can be determined from T1 and Th. 

Measurements of v1 and vh of fission-product pairs 

a r e  shown in similar contour diagrams, whose coordinates 

a r e  vi and %. Using 9 5.1, they can be converted into 

T1-Th-COntour diagrams, and thus, all  the magnitudes in 

R 5.21 a r e  again obtained. 

Table 5.2 gives a general view of the energy and 

velocity measurements carried out on fission-product pairs. 

5 .22 .  Measurements of fission products without consideration of 

their paired origin. 

Measurements of the kinetic energy T of individual 

fission products yield only the distribution of T; such meas- 

urements a r e  shown in Table 5.2. 

velocity v of individual fission products yield only the dis- 

Measurements of the 

tribution of v. The latter was determined in this manner 
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only for the thermal fission of U233J U235, and Pu  239 

(Le 52-1). 

Measurements of energy TI of fission products with 

a fixed mass number A1 can, according to R 5.1, also yield 

Ah and Th, assuming a sufficiently low bombardment energy, 

and thus, the distribution of T1 i- Th for one fixed fission 

ratio Ah/A1. 

1 and h a re  interchanged. 

pertain to the fission of Bi by protons with energies 

between 50 and 2,200 MeV (Su 56-1) and the fission of Bi 

and Ta by 450-MeV protons (Po 57-2); for such bombard- 

ing energies, the equations of W 5.1 are no longer valid. 

Thus, in Po 57-2, Ah was  estimated with the aid of the meas- 

ured distribution of the fission-product masses (Table 4.21), 

after A1 had been measured. Finally, on the basis of the 

- 
Correspondingly, this is true when subscripts 

The measurements performed 

energy and impulse balance, the most probable kinetic 

energy (TI 4- Th) w a s  determined (Fig. 5.53-1). 

5.3. Kinetic-Energy Distribution of Individual Fission Products 

Figure 5.3 shows the shape of the energy distribution during the 

fission of U235 by neutrons of various energies En. 

a double-hump curve to a single-hump curve with increasing En corresponds 

The transition from 
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to the parallel change in the mass distribution (9 

transition takes place with the target nucleus Ra226 in the far narrower 

4.221) .  The same 

En region of 3 to 15 MeV (No 58-1). 

The two energy-distribution maxima move closer together with 

increasing bombardment energy , and thus also with increasing excitation 

of the splitting nucleus (Fig. 5. 3).  This is clearly demonstrated in the 

comparison between the energy distribution for the spzmtaneous fission 

(KO 58-4) and the photofission (KO 56-1, KO 59-1) of U238: The distance 

between the maxima is smaller in photofission. 

For compound-nucleus excitations U, 5 5 MeV, the energy distribu- 

tion depends only slightly upon U,. 

thermally split U239 and spontaneously splitting Pu240 (Se 54-1, Mo 58-l), 

as well as those for thermally spl i t  Pu241 and spontaneously splitting Pu 

(Sm 57-1) a re  not markedly different. 

Thus, the energy distributions for 

2 42 

With constant U,, the energy distribution does not manifest a strong 

dependence on mass number and atomic number Zt of the target nucleus 

(for Zt > 90) any more than does the mass distribution. This is clearly 

visible in the contour diagram for the spontaneous fission of Pu242, Cm 

and Cf2 52. 

2 42 , 

From the above, it is apparent that a single-hump (double-hump) 

energy -distribution curve corresponds to a single -hump (double -hump) 

mass-distribution curve. 

ships which are valid for both types of distributions. 

There a r e  still other mathematical interrelation- 

However, one must 

not conclude from this that the double-hump energy distribution is an 
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inversion of the double-hump mass distribution: A very heavy fission 

product is generated, together with a very light fission product; a heavy 

fission product with above-average energy Ts, on the other hand (see 

Fig. 5.21-1), is preferably paired with a light fission product with above- 

average energy TI. 

5.4. Range Distribution of Individual Fission Products in Absorbers 

In the case of very high bombardment energies, it is difficult to 

measure energy distributions of fission products. Therefore, range 

distributions were frequently measured in photoemulsions and inter- 

preted under the assumption that the number of maxima corresponds for 

range, energy, and mass distribution and that a narrow (broad) range dis- 

tribution corresponds to a narrow (broad) energy and mass distribution. 

Those measurements of range distribution which have been interpreted in 

this manner as substitutes for energy distributions a r e  shown in Table 5.2. 

A t  similarly high bombardment energies ( R 

lead to similar results as measurements of the mass distribution. 

4 .22  1 and 4.24) , they then 

In the case of the target nuclei U238 and Bi2O9, the probability of equal 

ranges of the two fission products increases with the increasing excitation 

uk of the residual nucleus remaining after the cascade, until uk has reached 

60 to 100-MeV; with higher uk, the range distribution becomes broader 

again (Pe 55-1, sa 55-2). In the fission of Bi by 660-MeV protons, a 

Uk region is reported in which the range distribution appears to be 
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three-humped (Da 59-1). The range distributions for the fission of uranium 

by 350-MeV protons (Iv 56-2, Iv 57-11, 280-MeV-n+ mesons, and slow T- 

mesons (Be 55-1, Pe 55-1, P e  55-4, Iv 56-3, Iv 57-1) are single-humped 

and nearly equal (Iv 58-1, Iv 58-2). 

With very light target nuclei (Ag, Br) and high bombardment ener- 

gies (EP = 300 - 660 MeV). the range distribution also has an appearance 

similar to that of the mass distribution (9 4.24): One maximum corres-  

ponds to the fissions, and two outer maxima (Sa 58-1) correspond to the 

spallations. 

U 

A systematic discussion of the ranges of fission products in 

absorbers is not the object of this paper. 

5.5 Distribution of the Total Kinetic Energy T1 + Th for the Fixed 

Fission Ratio Ah/A1 e 

5.5. 1 Width of the distribution. 

The width of the distribution can be determined for each 

ratio Ah/A1 from the measurements of T1 and Th or v1 

and Vh of fission-product pa i r s  (Table 5.2, 9 5.21). For 

individual fission ratios, the width of the distribution was  

also determined in  an indirect manner for the thermal 

splitting of U235 (Co 56-1) and for the fission of U233 and 

$35 by fission neutrons (Go 56-1). 

the distribution as a function of Ah/A1 for the fission of the 

compound nucleus Pu242, 

Figure 5.21 shows 
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In all cases, the width of the distribution turns out 

to be about 10 to 13% of the probable total energy (T1 -+ Th>. 

The width of the distribution does not necessarily appear to 

depend on the splitting nucleus and the fission ratio; only in 

the case of Cf252 was a weak minimum observed at the most 

probable Ah/Al (Mi 58-1). The statistical theory (Fo 56-1) 

gives the inadequate value of 670 of (TI + Th) for the width 

of the distribution. 

5. 52 Interpretation of the distribution. 

The simplest explanation for the fact that the total 

kinetic energy can assume a whole range of values with a 

fixed fission ratio would be based on the fact that the 

nuclear charges of the fission product can have several 

values, which result in various Coulomb energies, and thus 

( 9  If we  assume the excitation 

UL -k U ~ o f  the fission fragments to be constant, the distri- 

bution of T1 -k Th and the distribution of the nuclear charge 

(both with fixed Ah/A1, and hence, fixed mass numbers A1 

and Ah; see 9 7.1)  obviously determine each other (Eqs. 

5 1-3 and 5.1-4). However, calculations showed that the 

charge distribution resulting from the (Ti -b Th) distribution 

is completely incompatible with the measured charge distri- 

bution ( 9 7.41; Br 49-1; with new energy values: Mi 56- l ) ,  

5 .  l), in different TI  -k Th. 
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and that a much too small (T1 + Th) distribution (Mi  56-1) 

follows from the measured charge distribution. Thus, the 

fluctuations in T1 f Th must stem primarily from the fluc- 

tuation of the excitation UL + UH, even though the total 

amount of T1 4- Th is given primarily by the Coulomb energy 

(41 5. 1). 

Fluctuations of UL t UH correspond to fluctuations 

of the energy yielded in the form of prompt neutrons and 

gamma-rays (Eq. 5.1-1). 

UL -k UH the evaporation theory yields the probability for 

From the distribution of 

the emission of exactly v neutrons per fission as a function 

of v ( 41 8.23). If the calculation is based on that distribu- 

tion of UL + UH which, according to Eq. (5.1-3), results 

from the measured (TI -4- Th) distribution, the probability 

for the emission of the exactly v neutrons per fission agrees 

satisfactorily with the measured probability (Le 56 -2, 

9 8.23). 

If, on the other hand, we consider the measured 

probability for the emission of exactly v neutrons per fission 

on the basis of being a function of v, then calculate the dis- 

tribution of UL -k UH and finally, from this, according to 

Eq. (5. 1-3), the distribution of T1 -k 121, 11% of the most 

probable total energy (Co 56-1) is yielded a s  the width of 

this last distribution. 

amounts to 11.4'7'. 

The value measured in Co 56-1 
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5.53. The most probable and mean total kinetic energy. 

The most probable total kinetic energy (Ti 4- Th) 

and the mean total kinetic energy T1 t Th ( 9 

only slightly and wil l  not always be kept strictly apart. They 

should increase with a decreasing 

from the Coulomb energy of the fission fragments ( W 5.1): 

The Coulomb energy is proportional to the product Z ~ z ~ o f  

the fission-fragment charges, and, because of the condition 

ZL -f Z H  = const, this product has a maximum for ZL = ZH, 

i. e., for a symmetrical splitting. 

5.2 1) differ 

i f  T1 t Th stem 

Actually, the maximum of (TI t Th) exists only with 

Fig- high bombardment energies E 2 20  MeVfor Ah/A1 = 1. 

ure  5.3-1 shows this for the fission of Ta and Bi by 

450-MeVprotons (Po 57-2). 

reaches a maximum of TI -f Th at Ah/A1 = 1 as a function of 

Ah/Al  (Do 54-1) in the fission of U238 by 18-MeV deuterons 

and 335-MeV protons. 

The range of the fission products 

In thermal and spontaneous fission, the maximum of 

T1 -f Th is at &/A1 N- 1 . 2 .  

Cf252 (St 58-3; also, Hi 57-1 and Mi 58-1). Similar results 

were found for the thermal fission of Th229 (Sm 58-l), U 233 

(Br 50-1, Fr 54-1, St 57-1) U235 (Br 50-1, St 57- l ) ,  and 

Pu239 (Br 50-2, St 57-1). 

Figure 5.53-2 shows this for 

A similar maximum can be 
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assumed from the shape of the fission-product range 

dependent upon %/A1 (thermal fission of Pu239, Ka 48-1). 

Thus far,  theory has been unable to explain this 

position of the maximum. 

puted from the mean kinetic and mean excitation energies 

(the latter average was Ti  -t Th), once using Eq. (5.1-3) 

and once Eq. (5.1-4), is entered as a function of Ah/A1. 

In Fig. 5.53-2, the sum F> com- 

The two curves agree satisfactorily for Ah/A1 > 1.1, 

but not at all  for Ah/A1 < 1.1. 

ations offered so far a r e  the dependence of the measured 

results on Ah/A1 (Mi 56-1) and large systematic e r ro r s  in 

measuring the fission products, which a re  rarely even close 

to symmetrical (St 58-3). 

The only suggested explan- 

In Fig. 5.53-2, UL -t U ~ s h o w s  no maximum for  the 

most probable fission ratio Ah/A1 1. 35. This is contradic 

tory to the statistical theory of fission (Fo 56-1). 

5.6. The Total Kinetic Energy of A l l  Fission-Product Pa i rs  

The mean total kinetic energy T1 4- Th of all fission-product pairs 

is derived, according to 9 5 .2  1, from the contour diagrams or through 

direct calorimetric measurement (Le 55-1, Gu 57-1). If we take into 

account mathematically the emission of prompt neutrons, we can also 

determine the mean kinetic energy TL 4- T ~ o f  al l  fission fragments (before 
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neutron emission). Sometimes, a most probable total kinetic energy, which 

is not further defined, is given. The differences between the individual 

values a re  small and often insignificant. 

Computed optimum values for TL 4- T H ( T ~  59-1) can be read from 

Fig. 5 . 6  by averaging numerous measurement data. 

From an over-all point of view, T1 -k Th increases with increasing 

nuclear charge Zt of the target nucleus (Sm 58-2 for Zt 2 90, Ju  49-1 and 

Po 57-2 for Zt 290). The Coulomb energy between the fission fragments, 

of course, increases in the same direction. 

With moderate excitation of the compound nucleus U, 5 8  MeV and 

90 5 Z, 5 98, TL 4- TH depends roughly linearly on the theoretically mean- 

ingless parameter Z g / A i / 3  (Fig. 5-6 for Te 59-1; Sm 57-1). A s  a function 

of Zg/AZ, T1 + Th yields a rising curve for 90 2 Z, 5 98 but is followed 

by a decrease beyond Z, = 100 (Fm254; Sm 58-2). The maximum at Z, = 98 

- 

is accompanied by a sudden increase in the most probable mass number of 

heavy fission products and a discontinuity in the ar-decay systematology 

(Gh 54-1, Gh 56-1). A new magic number (N = 152) is the end result (see 

9 3 . 3 ) .  

In the case of a fixed target nucleus, T i  + Th is only very weakly 

dependent on excitation of the compound nucleus or bombardment energy 

(Wa 54-1, Sm 57-1). Apparently, T1 4- Th decreases somewhat with 

increasing bombardment energy (Ju 49-1). 
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6. ANISOTROPY OF THE FISSION-FRAGMENT EMISSION 

6.1. Introduction 

The fission fragments do not fly apart isotropically i f  the symmetry 

axes of the splitting nuclei a r e  oriented nonrandomly to the direction of bom- 

bardment at certain angles. Such nonrandom orientations can be achieved 

by orienting the target nuclei in appropriate chemical combinations at very 

low temperatures (Ro 57-1) or by means of changes to which the angular- 

momentum directions of the compound nuclei a re  subjected (as  a result 

of the orbitalangular momentum of the bombarding particles contained in 

them). 

If b is the angle between the incident particle and the direction of 

flight of the fission product in  the center-of-mass system of the splitting 

nucleus, the distribution of the fission products with respect to b (the 

angular distribution) can be given by a + b cos #) + c cos4#) or a + 

b sin2#) + c sin46, with non-negative a and b. 

fragments a re  emitted nonrandomly at 16 = 0 in the first  distribution and 

at b = 90 deg in the second. 

2 

In general, the fission 

Frequently, the distributions with c = 0 a re  

approximated with sufficient exactness; then, b/a serves as  a measure of 

the anisotropy. 

L (0 deg) of the fission fragments emitted at fl = 0, divided by the number 

L (90  deg) of the fission fragments emitted at 16 = 90 deg, or some similar 

r elations hip. 

Otherwise, the measure of the anisotropy is the number 

In the laboratory system, the angle between the incident particle 

and the direction of the fission fragment is measured. This angle is now 
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considerably different from fl at higher bombardment energies. 

the angle projected on a plane (photoplate) is used (Lo 55-1, Pe 55-1, Os 56-1, 

Ba 57-1, Ba 58-1). Refinements such as the above need not be considered 

in the following, since here the results a r e  generally discussed only quali- 

Sometimes 

tatively. For quantitative comparisons with theories, extremely exact 

measurements a re  necessary (CO 58-2), especially in angular distributions, 

and the above-mentioned refinements can be significant. 

Table 6 . 1  shows a survey of the measurements which have been made. 

6. 2. Photofission 

6.2.1.  Dependence of angular distribution of target nucleus and 

maximum photon energy. 

The preferred emission angle ( i f  any anisotropy exists 

at all) is 6 = 90 deg. The angular distribution can be approxi- 

mated by a t b sin2@ t c sin4@ (Re 55-1, Ba 57-1, Ba 58-1); 

some authors a re  content with this distribution, with c = 0 

(Wi 56-1, Fa 58-2, Ka 58-1, Co 59-1). The cause of the 

discrepancies which ar ise  because of this is not quite clear; 

only part of them can be explained by underestimation of the 

statistical measurement fluctuation (Fa 58- 2). 

Anisotropy was observed in the even-even target 

nuclei of Th230, Th232, U238 but not in the even-odd and 

241 237, PuZ3’, and Am . , Np 
23 5 odd-even nuclei of U233, U 
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The anisotropy decreases with increasing maximum photon 

energy E, and disappears entirely when Ee 

(Fig. 6. 21). 

16 MeV 

This is precisely the qualitative theoretical expectation 

if electrical dipole absorption (1 = 1) is assumed (Bo 56-1, 

St 56-3). The even-even compound nucleus, then, has the 

angular momentum I, = 1 in the direction of the photon ray. 

For the lowest levels of the nucleus at the saddle point of 

the fission, the projection of Iz onto the nuclear symmetry 

axis has the quantum number K = 0; this means that the 

symmetry axis is nonrandomly perpendicular to the direc- 

tion of bombardment, from which the preferred emission 

angle for the fission fragments, = 90 deg, follows. Fur- 

ther analysis wil l  also result in the observed distribution 

a f b sin2@. 

The levels with K = 1 in the even-even nucleus a re  

about 1 MeV higher than those with K = 0. 

becomes correspondingly higher does the nonrandom direc - 

tion 8 = 0 demanded by K = 1 enter the competition and 

reduce the anisotropy. 

channels will  be nonrandom any longer, and the anisotropy 

Only when E, 

With even higher E,, none of the 

must disappear. 

An even-odd o r  even-even compound nucleus can have 

different I,, and the levels corresponding to the various K a re  
- 17 - 



denser (closer together). Therefore, even with the smallest 

possible Ee, the fission will  proceed through more than one 

channel; no anisotropy wil l  therefore be achieved (Bo 56-1). 

The term c sin4@ in the angular distribution denotes 

noticeable electrical quadrupole absorption (Ba 5 7 -l), which 

appears strongest a t  E, = 7.5 MeV (Ba 58-1). However, 

the electrical dipole absorption always dominates. 

6 . 2 2 .  Dependence of the angular distribution on the fission ratio 

Thus far, the anisotropy was assumed to be averaged 

over all Ah/A1. If we consider it as a function of Ah/A1, w e  

find that the anisotropy nearly disappears in  symmetrical 

fission and increases strongly only as Ah/A 

(Wi 56-1) .  

increases 

The significance of this is (St 56-3, Co 58-2, 

Ha 58-1, Ha 58-2) that compound or residual nuclei with 

small excitation, which, according to 91 6.21 ,  split par- 

ticularly anisotropically, also split less symmetrically 

than nuclei with greater excitation ( 9 4 . 2 2 1 ) .  

6 . 3  Thermal Fission of Oriented Nuclei 

The thermal fission of oriented U233 nuclei leads to a weakly aniso- 

tropic fission-fragment emission, about which only provisional results are 

available (Ro 57-1, Ro 58-2). Orientation is effected by means of electrical 
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quadrupole coupling in crystals of U02Rb(N03 l3 at temperatures of about 

1°K. According to theory, such anisotropy is to be expected, because in 

thermal fission only a few channels with specified angular-momentum 

quantum numbers Iz and K a re  available (Bo 56-1, Ro 58-2). 

6.4 Fission by Neutrons With Energies 0.4 MeV S En <, 1 0  MeV 

In the case of even-even target nuclei with a neutron threshold energy 

Ek > 0 (Th 232s U238)J $ = 90 deg is the preferred emission angle in the 

region in which the fission cross-section Of r i ses  to the first plateau 

(9 1.32). 

of anisotropy fluctuates as  a function of En (Fig. 6. 4). 

anisotropy coincide with increases in Of (E 1; i. e. 

when new fission channels become available ( 9  1,321). This is particularly 

apparent a s  uf  (E,) r ises  to the second plateau ( 91 

For higher En, the preferred angle changes to 8 = 0; the amount 

Maximum amounts of 

they apparently occur n 

33). 

It appears clear that a tendency toward small projections of the 

compound-nucleus angular momentum I, exists in the impulse direction; this 

tendency will  be proportionately greater as  the orbital-angular momentum 

(perpendicular to the bombardment direction) of the bombarding particles 

increases and as  the compound-nucleus angular momentum I decreases. A 

further tendency toward small projections K of I, toward the symmetry axis 

of the nucleus (Bo 56-1, St 57-2), that is, in the direction of the fission- 

fragment emission, then leads to the preferred @ = 0 for this emission. 

observed angular distribution, too, follows on the basis of the above and of 

t 

The 
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further statistical analyses (St 57-2). The preferred direction j!J = 0 wil l  

be especially pronounced when a specific channel with small K makes a 

particularly strong contribution, as appears to be the case in the increase 

of Of(E )(Bo 56-1). The emission angle @ = 90 deg in the region of the n 

neutron threshold energy can be explained by appropriate corollary 

assumptions about K and 1 (1 = 3)(Wi 56-2). 

For even-odd target nuclei (U233, U235, P U ~ ~ ~ ) ,  6 = 0 is always 

Here, too, the the direction of preferred emission (for En > 0.4  MeV). 

anisotropy fluctuates as a function of En, but it remains smaller (under 

about 1 . 3 )  than in the case of even-even target nuclei (Br  55-1; further 

provisional results in B1 59-1, He 59-1, La 59-2) .  A maximum of aniso- 

tropy again appears to point to a new fission channel (La 59-2).  

smaller amounts of anisotropy a r e  understandable, because more chan- 

nels a re  available and because the target nuclei do not have the angular 

momentum It = 0 (see above). However, the amount of It (U233: 5/2;  

U235: 7/2;  P u ~ ~ ’ :  1 / 2 )  does not appear to affect the magnitude of the 

anisotropy systematically (He 59-11, 

The 

With En as high a s  perhaps 10 MeV, theory leads u s  to expect fur- 

ther anisotropy maxima in the case of even-even and even-odd nuclei i f  

the reactions (n, 2nf), (n, 3nf), etc., become possible (Ha 58-2). Meas- 

urements in this energy region (He 56-1, B1 59-1) a re  still not sufficiently 

numerous to permit clear recognition of maxima. However, here, too, 

the average anisotropy is smaller for even-odd nuclei than for even-even 

nuclei. This appears to be based, at least partially, on the various fission 
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probabilities: In the even-odd nuclei U233 and Pu239 (B1 59-11, the reac- 

tion (n, f)  is quite predominant over (n, nf), (n, Znf), etc., so that highly 

excited compound nuclei spli t .  This makes possible large K and thus 

requires smaller anisotropies (Ha 58 -2; see above). 

6.5 Fission by Particles With Energies E > 10 MeV 

6.5 1. General 

With particle energies of more than about 10 MeV, 

the fission fragments a re  almost always emitted aniso- 

tropically. The direction of preferred emission for 10 MeV 

;S E 5 50 MeV is $ = 0; the angular distribution has the 

form a + b cos $ + c cos4$ (Br 54-1, Br 55-1, Co 58-2). 2 

With particle energies of about 100 MeV, the emission 

angle can be changed to $ = 90 deg; the angular distribu- 

tion, in this case, can be represented by a + b sin26; 

otherwise, by a + b cos2b (Po 57-2, Wo 57-1). (a and b 

a re  always non-negative. ) 

The dependence of the anisotropy on the angular 

momentum of the target nucleus is insignificant compared 

to the dependence on Z2/A of the compound nucleus (see 

9 6.4. ,  conclusion), should the latter be formed. 

6.52. Dependence of the angular distribution on the target nucleus, 

the compound nucleus, and the excitation of the latter. 

For a fixed bombarding particle of fixed energy, 

the anisotropy generally decreases noticeably as ZZ/A, 
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increases (for neutrons: Br 54-1, Pr 58-3; for protons, 

deuterons, and a-particles: Co 58-2; for protons of very 

high energies: Po 57-2; for C12-nuclei: Po 59-1). 

Figure 6.52, for example, shows anisotropy for the fission 

of seven target nuclei by deuterons and a-particles as  a 

function of Zz/AZ. The curves a re  quite smooth, even 

though the angular momentum It of the target nuclei fluctu- 

ates within broad limits. 

to depend intrinsically on It (Go 58-2, Pr 58-3). 

detailed arguments (elimination of the dependence on 

2 

The anisotropy does not appear 

More 

Z2/A and comparison of I and the transferred orbital- 
z z  t 

angular momentum 1) reinforce this conclusion 

(CO 58-2). 

The relationship between the anisotropy and the 

parameter Zg/AZ of the liquid drop model appears unclear 

at first. However, it becomes understandable if the possi- 

bility of neutron emission before fission is considered 

(Co 58-2, Ha 58-1, Ha 58-2, see '8 6.4, conclusion). For 

excitation barely above the activation energy, the anisotropy 

decreases with increasing excitation Uz (Fig. 6.4). 

high anisotropy at small Zg/AZ can now come about in the 

following manner: small Zg/AZ indicate great probability 

The 

of neutron emission; from the latter, a residual nucleus 

with a smaller excitation is formed; this excitation, in 
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turn (when the residual nucleus is split), leads to high 

anisotropy. In the reactions Ra 226 + d a n d B i  209 + Ly,  

light residual nuclei a r e  created, for which the above 

arguments are not valid without modification (Ha 58 -2) 

6.53. Dependence of angular distribution on energy, angle, 

and orbital angular momentum of the bombarding particles. 

For a fixed target nucleus, the anisotropy increases 

slowly, and generally smoothly, with increasing energy E 

of a fixed bombarding particle (Br 55-1, He 56-1, Co 58-2). 

This is connected with the fact that, on the average, par- 

ticles of higher energy also transmit a higher orbital 

angular momentum (see below). Theory (Ha 58-2) leads us 

to expect maxima of anisotropy beyond this, as they were 

observed with smaller E ( 9 6.4), i f ,  after the emission of an 

additional neutron, another fission possibility presents itself. 

Thus far, the measured data a re  so sparse that the possi- 

bility that further maxima might be found appears likely. 

If, for a fixed target nucleus, the bombarding particle 

is varied, the anisotropy increases with increasing particle 

mass i f  E is fixed (Figure 6.52). This is probably the case 

because particles with greater mass can transmit a greater 

orbital angular momentum. With increasing transmitted orbi- 

tal angular momentum, the anisotropy increases considerably. 
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The fission of the compound nucleus Pu239 yields L(O")/ 

L(90") = 1.19 or 1.38, depending upon whether it was  

created by Np237 + d or by U235 + a; Ed and E, a r e  

selected in such a way that the compound-nucleus excita- 

tion is equal in both cases (Co 58-2). In this example, 

a-particles transmit about 1 .7  times more orbital- 

angular momentum than deuterons. 

tropy with increasing orbital angular momentum 1 is under- 

standable, because fewer directions a re  available to the 

angular momentum I, of the compound nucleus i f  1 is large 

The increase in aniso- 

(St 56-3). 

At bombardment energies E > 100 MeV, the fission 

fragments a re  generally no longer emitted nonrandomly in 

or against the bombardment direction (at fi = 0) but rather, 

nonrandomly at fl = 90 deg. 

fission of U238 by protons (Lo 55-1, P e  55-1, Me 58-1); 

Figure 6.53 shows this for the 

the same is true for the fission of U238 by fast neutrons 

(Os 56-1) and of Ta by 450-MeV protons (Po 57-2). 

in the fission of Bi by 450-MeV protons, fl = O i s  (as other- 

wise at small E) the preferred emission angle. 

However, 

The generally anomalous anisotropy (preferred emis- 

sion angle b = 90 deg) at E 2 100 MeV stems from the fact 

that with such high E, compound nuclei a r e  no longer formed; 

instead, the bombarding particle releases a nucleon cascade 

( 9 1. 1). The bombarding particle essentially retains its 
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direction of flight; the impacted nucleons, on the other hand, 

attain nonrandom velocities perpendicular to the bombard- 

ment direction and only very low kinetic energies. 

nucleons a r e  again partially absorbed by the nucleus and a r e  

capable of exciting it to fission, during which the fission 

fragments a re  emitted nonrandomly in the direction of the 

absorbed particles, as was observed in  the case of weakly 

excited compound nuclei. 

These 

This means that the fission frag- 

ments fly off nonrandomly perpendicular to the direction of 

the primary bombarding particles (Ha 59-1). A semi- 

quantitative observation yields an approximation of the noted 

angular distribution a + b sin2b. 

In essence, i t  should be the residual nuclei with 

small excitation Uk that remain after the cascade which a r e  

responsible for the high anisotropies (see 9 6.4). 

divergent behavior of Bi might be explained by the fact that 

with such light target nuclei, fissions a re  not possible with 

small excitations (Ha 59 - 1). This explanation appears 

unsatisfactory in view of the different kind of behavior of 

Ta. 

Thus, the 

Besides, it was found that (for u k  2 50 MeV) the aniso- 

tropy appeared to increase; if only weakly, with increasing 

Uk (Lo 55-1, Pe  55-1, Os 56-1). 
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6.54. Dependence of the angular distribution on the fission 

ratio Ah/A1. 

To this point, the anisotropy was  understood to be 

averaged over all Ah/A1. If it is considered as  the 

function of Ah/A1, the anisotropy disappears during sym- 

metrical fission and increases only as  Ah/A1 increases 

(fission by neutrons: Pr 58-2, by protons: Co 54-1, 

Co 55-1, Me 58-1; Fig. 6.54). This law appears to be 

valid even for the fission of Ta with 450-MeV protons, 

although the data a r e  very inexact (Po 57-2). The law also 

holds for photofission; the interpretation is the same 

( 41 6.22) .  

The transition of the preferred emission angle 

fi = 0 to fl = 90 deg for fission by neutrons and protons 

with energies of about 100 MeV occurs at higher E for 

Ah/A1 N 1 than it does for Ah/A1 > 1 (Me 58-1). This, 

too, appears to be connected with the different excitations 

of splitting nuclei (see 9 6.52, conclusion). 

In general, no preferred emission angle was 

determined for heavy fission fragments (as opposed to light 

fission fragments). Only in the fission on Np237 by neutrons 

were considerably more heavy fission products discovered 

for fi = 0 (in the direction of the bombarding particles) than 

for fi = 180 deg (Br 55-1). 

- 26 - 



7. NUCLEAR CHARGE OF THE FISSION PRODUCTS 

7. 1. Introduction 

The nuclear charge of a fission product is interpreted to be its 

nuclear charge before the first 6-decay ( 41 4.1). In the appendix to 41 4.1, 

a f e w  new concepts a re  introduced. 

The independent yield, divided by the associated chain yield, is 

designated as  the specific independent yield. 

computation on a chain yield which comes from a smoothed mass distribu- 

It is customary to base its 

tion (without microstructure). 

F o r  a fixed mass number A, the specific independent yield as a 

function of nuclear charge Z yields the charge distribution for this fixed 

mass number. The sum of all the independent outputs for a fixed Z (neg- 

lecting A), written as a function of Z ,  is the distribution of all fission pro- 

ducts with respect to their nuclear charge. 

The cumulative yield of a nuclide is the sum of the independent yield 

of this nuclide as  a fission product and the cumulative yield of its 6-decay 

predecessor (recursive definition). 

cumulative yield divided by the associated chain yield from a smoothed 

The specific cumulative yield is the 

mass distribution. 

created through 0-decay. 

Shielded nuclides a re  those which could not have been 

Their cumulative yield, therefore, is equal to 

their independent yield. 
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7 .2 .  Measured Results 

7.21. Independent yields. 

An exact determination of charge distribution pre - 

supposes the measurement of independent yields. Such mea- 

surements a r e  very difficult to make for thermal and spontaneous 

fissions, because the half lives of the fission product 

often amount to mere seconds. Therefore, the measured 

data (Table 7 .2  1 - 1 ) a r e  very limited. Frequently, only upper 

limits can be given. 

In fission by faster particles, independent yields 

can be determined more easily, because the fission products, 

on the average, a r e  more stable against P-decay. 

for this is that fission at high energies is connected with the 

emission of a greater number of neutrons ( 41 1.43). There- 

The reason 

fore, the specific independent yields do not fluctuate in such 

broad limits as  they do in thermal fission. Table 7 .21 .2  shows 

studies in which independent yields have been determined. 

7.22. Width of the charge distribution for a fixed mass number. 

If we a r e  content merely to determine the width of a 

charge distribution, a way other than the measurement of 

independent yields is available. Since the mean total charge 

of a fission product depends upon its  nuclear charge, the width 

of a charge distribution can be determined through deflection 
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7.23. 

in a magnetic field: in the thermal fission of U235, the charge 

distribution for  the mass number A = 97 is a gaussian curve 

with a width of 2.4 fO. 5 (Co 58-1). 

The charge distribution, which was constructed from 

specific independent yields in thermal and spontaneous fission, 

has a width of about 2 . 2  (Eq. 51-1; see 9 7.41). 

theory of fission (Fo 56-l), on the other hand, reports a width 

of only 1.2.  

increases with increasing bombardment energy. 

Width of the distribution of all fission products with respect to 

The statistical 

The width of the charge distribution ( 9 ?. 42) 

their nuclear charge. 

The distribution (in thermal fission) has two maxima, 

The width of the maxima can as does the mass distribution. 

be estimated, using Moseley's law, from the width of the max- 

ima of the X-ray-K spectrum of the fission products (see 

41 8.32). 

U235) was found to be about 14.570 for the light fission-product 

group (most probable Z :  40) and 1770 for  the heavy group (most 

probable Z:  56) (Sk 59-1). 

The width of the maxima (for thermal fission of 

7.3. Postulate for the Charge Distribution for Fixed Mass Number 

It is not possible to construct a charge distribution for every mass 

number A from the few known independent yields. 

that the charge-distribution curves for all A can be made to coincide if Z -(Z> 

Therefore, we postulate 
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can be entered on the abscissa instead of Z, where (Z) is the charge number 

of the appropriate isobars which will most probably appear (not necessarily 

the whole charge number). 

theory (Fo 56-1) and has given good results. 

assumed that the charge distribution is independent of the target nucleus if 

the excitations of the splitting nuclei a r e  all Comparable; this assumption, 

too, has been proven to be a good one. 

This postulate is in agreement with statistical 

In addition, it is usually 

The following postulates were suggested for the determination of (Z). 

They a r e  either empirical or  a r e  based on theoretical considerations. 

(not necessarily whole) charge number of the (hypothetically) most stable 

isobar for the A under consideration has been designated by Z'. 

The 

a. The postulate of regular charge distribution (Eq. 51-1+) is based 

on the liquid drop model. 

fragments should have equal charge densities. 

The splitting nucleus and the fission 

The P-decay 

chains, then, a r e  longer for light fission products than for heavy 

ones in thermal fission. 

b. The postulate of equal decay-chain lengths (Eq. 51-1) requires 

equal lengths of the P-decay chain for all complementary (i. e . ,  

created in - one fission) fission products: 

( 7 . 3 )  

Different assumptions about Z' lead to different (Z} ( 41 7.4)- 

The postulate of inhomogeneous charge distribution (Pr 47 -1) 

states that the Coulomb repulsion of the nuclear charges leads 

c. 
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7 . 4 .  

d. 

e. 

to charge transpositions in which a greater mean charge density 

results for the light fission fragment than for the heavy fission 

fragment . 
The postulate of minimum potential energy (Wa 48-1, Wa 49-1) 

requires such a distribution of the charge among the fission frag- 

ments that the sum of the Coulomb and binding energies of the 

fission fragments has a minimum. The resulting @-decay chains 

a r e  shorter for the light fission products than for the heavy ones. 

The postulate of the greatest liberating energy (Ke 56-1) requires 

a minimum for the sum of the two fission-fragment masses (com- 

puted as  in Ku 55-21, 

Proof of the Postulates 

7 . 4 1 .  Thermal and spontaneous fission. 

Postulates b and e have proved to be usable. In agree- 

ment with Co 58-1,  the charge distribution for fixed mass 

numbers is generally nearly a gaussian curve. 

approximately 2 . 2  (Eq. 51-1; see 9 7 .22) .  

Its width is 

In postulate b, various (Z )  result, depending upon the 

choice of Z ' .  

(Wa 44-1)  was used; thus, (Z )  (A) was also smooth. 

distribution is shown in Fig. 7 . 4 1  -1. 

shell effect leads to an unstable function Z' (A) (Co 53-1) 

thus, to an unstable function(2) (A) (Pa 53-1,  Pa  56-1); the 

Originally (Eq. 51 -l),  a smooth function Z' (A) 

The charge 

Consideration of the 

and 
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dispersion of the measured points about the charge -distribution 

curve decreased (Fig. 7.41 -2). A similarly narrow dispersion 

of the measured points resulted when mean values were taken 

for the unstable function Z' (A) in the region of magic numbers 

(St 56-2). 

The basic purpose of postulate e is to allow for shell 

effects not only for Z' but also for@>. 

late e, two new independent yields (I128, 1130) f i t  the charge- 

distribution curve better (Ke 56-1). 

On the basis of postu- 

On the basis of newer data for the nuclear masses 

(Wa 55-2, Ca 57-1, Ha 57-1), the(Z) were recomputed accord- 

ing to postulates b and e (Gr 57-2). Postulate b was confirmed 

quite satisfactorily; postulate e resulted in a smaller influence 

of closed shells on (Z)  than in Ke 56-1 and yielded an unsym- 

metrical charge distribution. 

Because of the lackof clarity concerning the most suit- 

able method for calculating the function <Z>(A) from postulate b, 

the(Z) for U235 were also determined empirically (Wa 58-1): 

according to Eq. 51-1, Pa  56-1, and St 56-2, the(Z) (A) lead 

essentially to the same charge -distribution curve. The latter 

was retained, and the(Z) were fixed in such a way that each 

measured independent yield lay precisely on the curve; mea- 

sured cumulative yields (Table 7.21-1) were also taken into 

consideration. Figure 7.41 -3 shows the function which was 

- 32 - 



thus obtained. It is essentially smooth, a s  is the one 

originally computed (Eq. 51 -1). 

7.42. Fission by bombarding particles with energies 

E 2 5 MeV. 

Although postulates a and b have proved usable, they 

partially contradict the results. 

Analysis of measured independent yields gives the 

following results: for bombardment energies E < 15 Mex pos- 

tulate b is effective. 

form of a gaussian curve (Fo 53-1, Wa 55-1, A1 57-1; com- 

pare Table 7 . 2 1  -2 with these and the following references). 

In the region 15  MeV E <, 50 MeV, none of the postulates 

is confirmed satisfactorily; if the data a r e  matched to postu- 

late a (Gi 56-1) or b (Fa 58-l), the charge distribution is no 

longer a gaussian curve. 

satisfactory for E ,? 75 MeV (Go 49-1, Fo  55-1, J o  55-1, 

K r  55-1, La 57-2, Po 57-2). 

late a appears valid according to K r  55-1 and postulate b 

according to Po 57 -2, Pa 58-3+. 

The charge distribution is nearly in the 

In general, postulate a has been 

In the fission of Tal8', postu- 

A less  direct method (Pa 58-3) for confirming the 

validity of the postulate is the Monte-Carlo computation of the 

total reaction and comparison of the computed ratio N/Z of the 

neutron and proton number of the fission product with experi- 

mentally determined N/Z (La 57-2, Pa 58-1). 
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computation was accomplished using Do 58-1, Me 58-2, 

Me 58-3, and making a simple assumption about the depend- 

ence of rn/ f;f on Z2 /A for  the reaction Th232 + p (EP = 8 MeV). 

and U238 + p (EP = 83 and 450 MeV). In each case, postulate 

b was found valid. 

Figure 7 .42  (Pa 58-1)  shows the dependence of the 

charge distribution on bombardment energy E. A s  E increases, 

(Z)moves closer to Z', and the width of the curve increases 

(from 2 . 2  for E 5 25 MeVto 3 .2 ) .  The displacement of the 

maximum is required by the number of emitted neutrons, which 

r i ses  as E increases; 

tribution (Wa 58-2).  

can be estimated from a charge dis- 

The widening of the curves corresponds 

to the increasing number of possible splitting nuclei with 

different excitations i f  E increases (a. 1.44). 
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8. PROMPT NEUTRONS AND GAMMA RAYS 

8.1. Introduction 

The neutrons and gamma rays which a re  emitted no later than 5 x 

sec after fission a re  designated as prompt. Delayed neutrons (Ke 58-1) 

and delayed gamma rays a re  emitted in connection with the p- delays and 

K- captures of the fission products. They a r e  not treated in this paper. 

However, the number v of the neutrons emitted per fission ( '3 8.2 1 and 

8.23) by definition also contains the delayed neutrons. Since the latter 

amount to only 1% of the total neutrons (Ke 58-l), their contribution to v 

(which is generally smaller than the measurement e r ror )  is not consid- 

ered further. 

In compound-nucleus excitations U, > 1 0  MeV, (n, nf)-reactions, 

and with higher U, even (n, 2nf)-reactions, etc. , a re  possible ( 9 1.33). 

The neutrons emitted before fission a re  considered prompt by definition 

and are  also contained in the number v ( 9 8.212). Of course, certain 

statements (e. g., about angular relationships) do not apply to them (this 

wil l  not be pointed out again in this paper). 

is connected with the emission of even more numerous lighter particles, 

about the nature and time of whose origin no precise statements can be 

made ( 9 1.43). 

no compound-nucleus excitations higher than 20 MeV occur. 

For U, 2 20 MeV, the fission 

Hence,98 is applicable only to fission processes in which 

The upper limits, sec (Er 57-1+) and 4 x sec (Fr 52- l ) ,  

have been determined experimentally (in the thermal fission of P U ~ ~ ~ )  for the 
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times in which the major portion of the prompt neutrons is emitted. 

Gamma-radiation is emitted until about sec after fission (because of 

isomeric transitions), but the energy of the radiation emitted between 5 x 

and sec after fission amounts to an average of only 570 of the 

energy of the prompt gamma-radiation ( thermal fission of U235, Ma 58-1).  

Basically, prompt neutrons and gamma rays could be emitted from 

the splitting nucleus o r  from the fission fragments. In the following para- 

graphs, a number of experimental results a r e  cited for neutrons, which can 

be explained by assuming emission from the fission fragments ( 9  8.  22 and 

8 . 2 4 ) .  

ments have already attained their full velocity during the neutron emission, 

which means that the neutrons a r e  emitted a t  least 

ation of the fission fragments (Te 59-1). In the case of gamma-radiation, 

These explanations a re  based on the assumption that the fission frag- 

sec after the separ- 

the experimental indications of fission-fragment origin are  less numerous 

( 9 8 . 3 2  and 8 . 3 3 ) .  It does not appear impossible that at least a portion of 

the radiation is emitted during the acceleration of the fission fragments 

( 9 8.  32,  conclusion). 

8 . 2 .  Prompt Neutrons 

8 . 2 1 .  Mean number 5 of neutrons emitted per fission 

8 . 2 1 1 .  Dependence of on the compound nucleus in spontan- 

eous and thermal fission. Table 8 . 2 1 1  l ists  the mea- 
- 

sured for thermal and spontaneous fission processes. v 

increases with increasing mass number A, of the compound 
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nucleus. Systematic mathematical interrelationships in 

can be expected only after conversion to equal compound- 

nucleus excitations U,. With the aid of the results from 

4 8.212,an extrapolation of 7 for thermal fission was made 

for U, = 0, and was then written as a function of A, (Bo 58-3). 

The function is only very roughly linear. A computation, 

which is based on Eq. 5.1-4, on simple observations of 

energy using experimental results, and on a simplified dis- 

tribution of the fission-product masses, yields separate curves 

J (A,) for various nuclear charges Z,, to which the experi- 

mentally determined points have a reasonably good fit 

(Bo 58-3). 

lead to the same results within the range of computation 

accuracy. 

The simpler provisional computations (KO 58-1) 

- 
8.212. Dependence of 7 on bombardment energy. v was 

measured for the target nuclei U233, U235, and Pu239 at  

bombarding neutron energies En between 0.025 ev and 15 MeV 

for  the target nuclei Th 232 , U238, Np237, P u ~ ~ O ,  andPu 24 1 

in narrower En regions. Le 58-1+ contains a comprehensive 

table of the measurement values; Table 8.212 gives additions 

to this table. Figure 8.212 shows a s  a function of En for 

some nuclei. ~ 

For En < 0, too, Tincreases linearly with increasing 

En (spontaneous fission of the compound nucleus). This is to 
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be expected for En 

a r e  possible) (Le 56-1+, Le 56-2, Te 57-1, Bo 58-3) i f  the 

bombardment energy affects only the excitation of the fission 

fragments but not their kinetic energy (9  5.1) .  However, 

V(En) continues to increase nearly linearly up to En = 15 MeV. 

The explanation for this res ts  upon the fact that with (n, nf)- 

reactions the excitation of the splitting nucleus is lower than 

that of the splitting compound nucleus with (n, f)-reactions. 

5 Mev [as long a s  no (n, nf)-reactions 

- 

The fission fragments thus generally emit fewer neutrons 

with (n, nf)-reactions, and this nearly compensates for the 

emission of a neutron before fission (Bo 58-3, Le 58-1, 

Sm 58-3),  because the neutron binding energies in the com- 

pound nucleus and the fission fragments a re  approximately 

- 
equal and, with fixed excitations, 'v varies very little from 

nucleus to nucleus. Similar observations apply to En 2 13 

MeV if  (n, 2nf)-reactions have become possible. 

It is in accord with the linear variation of 77 (E,) that 

for 0 . 0 2 5  ev S E n  5 0 . 5  ev, V does not change measurably 

(Au 55-1, Ka 56-1, Sa 56-2, Bo 58-1) .  

8 . 2 1 3 .  Dependence of T on the fission ratio AhIA1 and on the 

mass number A of the emitting fission fragment. 

Experiments were performed with the thermal fission of 

U233 (Fr 5 4 - l ) ,  the spontaneous fission of Cf252 (Hi 57-1, 

Bo 58-2, St 58-3, Wh 59- l ) ,  and the fission of U238 by 

deuterons (Su 57-1). Measurements of U233 a r e  not always 
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in agreement with those of Cf252 (perhaps as a result of the 

smaller probability of provable neutrons). 

Figure 8 .213-1  shows the likelihood of neutron 

emission a s  a function of Ah/Al for U233  separately, for the 

light and heavy fission fragments. The majority of the neu- 

trons a r e  emitted from the heaviest fission fragments of the 

light group and from the heaviest fission fragments of the 

heavy group. In the approximate region of the most probable 

Ah/A1, the likelihood of emission has a broad maximum, as 

has been predicted in the statical theory (Fo 56-1). On the 

average, the light fission fragment emits 1.24 times more 

neutrons than the heavy one. 

The number of neutrons emitted by a fission fragment 

was measured for Cf252 as a function of the mass number A 

(Wh 59-1). The results (Fig. 8 .213-2 )  include the assump- 

tion that the neutrons a re  emitted isotropically in the center- 

of-mass system of the fission fragment. On the average, the 

light fission fragment emits 1.02 times more neutrons than 

the heavy one. The sudden change in the neutron number 

near AH/AL = 1 also occurs for U233, according to Fig. 

8.  213-1. It indicates that the light fission fragment is excited 

to a much greater extent than the heavy one if fission is nearly 

symmetrical. The magic number N = 82 (A = 133 - 134) 

could contribute to this change which is not reflected in the 
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distribution of the fission-product masses (9 4). 

it might only be apparent; in that case, the assumption of 

isotropic neutron emission would have to be entirely false 

(Wh 59-1). 

Of course, 

The function &/AI) can be constructed from Fig. 

8.213 -2. 

(St 58-3). 

a somewhat different appearance (apparently as a result of 

Direct measurements give the best agreement 

The curves ; (Ah/A1) in Hi 57-1 and Bo 58-2 have 

lower measured results). 

probable Ah/A1 which was observed for U233 is not yielded 

in the case of Cf252; rather,  ;decreases in this region a s  

The maximum of J at  the most 

Ah/Al increases. 

In the fission of U238 by deuterons, too, the 

number of neutrons emitted per fission decreases roughly 

with increasing Ah /A1 (Su 57-1, see Table 1.432). 

8.214. Dependence of on the total kinetic energy TI + Th 

of the fission products. Figure 8.214 shows as  a 

252 function of Ti + Q for the spontaneous fission of Cf 

(according to St 58-3). The corresponding curves in Hi 57-1 

and Bo 58-2 have a somewhat different appearance (apparently 

a s  a result of lower measured results). 

In addition, G as  a function of T1 + Th for various ranges 

of the fission ratio Ah/Al and as a function of &/Ai for 

various ranges of T1 -I- Th were also determined (Hi 57-1, 
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St 58-3).  The results agreed in that they showed P to be a 

linear function of both arguments in the region of the most 

probable Ah/A1 and T1 + Th. 

8; / [d(T1+ Th)] can be estimated theoretically. 

According to Eq. 5 . 1 - 3 ,  a decrease in T1 + T h  must result 

in an increase of the entire fission-fragment excitation UL + 

U and, hence, a larger 7, since the sum F of kinetic and excita- 

tion energy for a given Ah/A1 is fixed by Eq. 5 . 1 - 4  (except for 

small fluctuations caused by different fission-fragment nuclear 

charges). Assuming UL + UH to be distributed evenly over 

all nucleons of the fission fragments, the evaporation theory 

yields a (negative) value for 8; / [ d ( ~ ~  + T ~ ) ]  (Le 5 7 - l ) ,  

around which the experimentally determined values (Hi 57 -1, 

St 58-3)  also lie. In the thermal fission of U233 (Fr 54- l ) ,  

on the other hand, the differential quotient was found to be 

approximately zero. 

T1 + Th only through Ah/A1, and thus, (Eq. 5 . 1 - 3 )  on the 

fission-fragment excitation UL + UH. 

H 

This would mean that 7 can depend on 

8 . 2 2 .  Energy spectrum 

Table 8 . 2 2  supplies information about measurements 

of the distribution of prompt neutrons with respect to their 

energy Tn (their energy spectrum in the laboratory 

system). The spectra for the various fission processes a r e  
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very similar; the mean energy Tn increases with increasing 

Z,/A, (KO 58-3). 2 

The measured spectra can be reproduced very well 

within the experimental accuracy, by two different distribu- 

tions. The first is the Maxwell distribution 

(8 .22-1)  

with a parameter a (B1 43-1 ,  Te 59-1) .  The second distribution 

Tn 
Nn(Tn) = f(b, c )  e - b  s inh an (8 .22 -2 )  

with two parameters b and c (Wa 52-1, Er 57 - l + )  follows, if 

isotropic emission with a Maxwell distribution of neutron 

energies is assumed in the center-of-mass system of the 

fission fragment. 

together with experimental data for Cf252. 

of Tn in Table 8 . 2 2  a re  averaged from values yielded by Eqs. 

8 . 2 2 - 1  and -2.  

Figure 8 . 2 2  shows both distributions, 

Some of the values 

The evaporation theory (Bl 52-2)  based on the statis- 

tical nuclear model, assuming isotropic neutron evaporation 

in the fission-fragment center -of -mass system, does not yield 

a Maxwell distribution of the neutron energy en in this system 

but rather (with some simplifications), the distribution 
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(8.22-3) 

in which Q is the so-called temperature of the fission fragments 

after the emission of - one neutron (B1 52-2). The resulting dis- 

tribution of Tn with fixed Q (Fe 42-1, Fe  51-1) does not parallel 

the measured spectrum (Te 59-1). Therefore, numerical cal- 

culations of the Tn distribution based on the evaporation theory 

(Table 8.22) should come from a distribution of Q, which, in 

turn, is related to the distribution of the fission-fragment exci- 

tations UL and UH(as was the case in Te 59-1). The results 

of such calculations differ only slightly from the Maxwell Tn 

distribution (which has been confirmed experimentally)(Te 59-1). 

This result does not change if the assumption of isotropic neu- 

tron emission is neglected; in an isotropic neutron emission, 

the Tn-distribution is even more similar to a Maxwell distri-  

bution. 

The mean nuclear temperatures a (Table 8.22) were 

determined from 

- 
Tn = 0.78 MeV+ 2G (8.22-4) 

This equation (Te 59-1) is based upon numerous measurements 

of energy magnitudes and on the spectrum of Eq. 8.22-3. 

Statistical theory yields only a very slight increase in 

T, with increasing excitation U, of a fixed compound nucleus 
- 

(Ba 57-2, Le 57-1); i. e., dTn/dU, fi 0.046/= (Te 59-1). 

So far,  this slight increase could not be confirmed experi- 

mentally (KO 58-1). 
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8.23. Probable emission of exactly v neutrons per fission. 

Table 8.23 shows the measured results of the probable 

emission of exactly v neutrons per fission. Semi-empirical 

computations of this probable emission were carried out by 

two different methods. 

In one method, the total excitation U + U of the fis- L H 

sion fragments and their distribution over Eqs. 5.1-3 and -4 

is computed from the measured distribution of the kinetic 

energy T1 + Th ( 9  5.5); using the evaporation theory, the 

distribution of UL + UH yields the distribution of v ;  that 

is, the probable emission being sought (Co 56-1, Le 56-2). 

The calculated probabilities a r e  in good agreement with the 

measured ones, as  is shown in Fig. 8.23. 

In the other (simpler) method, a gaussian distribution 

of UL -t; UH is postulated, with a width which is proportional 

to the average value of Bn + Tn (binding energy and kinetic 

energy of an emitted neutron). If 1.08 is selected as the 

proportionality factor (except for Cf252, in which case it is 

1.21),  the distribution of v which results from the distribu- 

tion of UL + U 

results (Te 57-1). 

is a good reproduction of the measured H 

8.24. Angular r-tionships 

8.241. Angular relationships between the directions of flight 

of the fission fragments and the neutrons. In the 
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experiment a1 system , measur e d angular distributions for 

the emitted neutrons with respect to the direction of flight 

of the light fission fragments can indicate (although not 

always conclusively) whether or not the neutrons in the 

center-of-mass system of the fission fragment a re  emitted 

isotropically and whether the two fission fragments usually 

emit the same or different numbers of neutrons. The 

angular distribution was measured for  the thermal fission 

of U233 (Fr 52-l) ,  U235 (Fr 52-1, Ra 58-l), and Pu 

(Fr 52-1) and for the spontaneous fission of Cf 

239 

252 

(Fn 59-2). 

For confirmation, the measured angular distribution 

is compared with a computed one (Fr 52-1, Ra 58-1, 

Te 59 - 1). In the computations , isotropic neutron emission 

and the energy spectrum of Eq. 8.22-3 (without a fixed 

nuclear temperature) were assumed in the fission-fragment 

center-of -mass system. The angular distribution was 

obtained as  a function of the quotient of the numbers of 

neutrons from light and heavy fission fragments. In Fr 52-1, 

calculated and measured angular distributions agree, if it is 

assumed that the light fission fragment emits approximately 

1.3 times as many neutrons as the heavy one. 

obtain 1 .2  (Ra 58-l), 1.1 to 1.2 (Te 59-1, using the 

Other authors 
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measured results of Fr 5 2 - l ) ,  or 1 . 2 5  (Sn 59-2)  for this 

factor. A few somewhat deviating values of this factor 

a r e  found in other experiments ( 41 8 2 13). 

In Ra 58-1, calculated and measured angular distri- 

butions for small angles do not agree at any value of the 

above-mentioned factor. One must therefore conclude that 

the neutron emission in the direction of flight of the fission 

fragment (in the fission- f ragment center- of -mass system) 

is nonrandom; i. e., the neutron emission is not isotropic. 

A possible explanation for this nonrandom direction is that 

the neutrons a re  emitted immediately after the separation 

of the contracted deformed fission fragments (Hi 53-1, 

St 59-1).  

for  or against isotropic emission (Te 59-1) .  

8.242. Angular relationships between prompt neutrons. 

Measurements of the angular distribution between two 

neutrons generated in  the same act of fission should be 

capable of supplying information about whether pairs of 

neutrons stem from the same nuclear fragment or from 

different ones. Experiments were made with the fission 

of U235 (Be 48-1) and natural uranium (Sk 56-1) by slow 

neutrons; the measured angular distributions a re  contra- 

dictory. In Be 48-1, the distribution is nearly constant 

However, there is no experimental proof either 
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from 0 to 90 deg and then increases by a factor of two up 

to 180 deg; to be sure, the measured values a r e  somewhat 

uncertain for small angles (Sk 56-1). In Sk 56-1, the dis- 

tribution is symmetrical, with a minimum at 90 deg. It 

may be concluded from the first distribution that twice as 

many neutron pairs a r e  emitted by fission fragments stem- 

ming from different acts of fission than by those generated 

in the same act (Be 48-l), and from the second distribu- 

tion (using the results from 41 8.241), that neutron pairs. 

can stem from fission fragments generated in the same and 

in different acts of fission with equal probability (Sk 56-1). 

8.243. Angular relationships between the directions of 

flight of the bombarding particles and of the neutrons. The 

angular distribution between the directions of flight of the 

bombarding particles and the prompt neutrons was  calcu- 

lated for the fission of U238 by neutrons with energies 

between 1 and 10  MeV (Ba 57-2). The directions of flight 

of the fission fragments were determined by means of a 

simplified angular distribution, according to Br 55-1 

( 91 6.5); for the prompt neutrons, isotropic evaporation 

from the fission fragments in the fission-fragment center - 
of-mass system was assumed. A nonrandom direction of 

the neutron velocities in the direction of the bombarding 

neutrons resulted in experimental system, 
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8 . 3 .  Prompt Gamma-Radiation 

8 . 3 1 .  Average number of prompt gamma rays emitted per 

f is sion. 

Table 8 . 3  shows the measured values for the mean 

number E of the gamma rays emitted per fission. For 

C f 2 5 2 , x  

kinetic energy TI + Th of the fission products and of the 

fission ratio Ah/A1 (Mi 58-1).  E 

Y 
was investigated as a function of the total Y 

decreases linearly 

with increasing T1 + Th, but the dependence is much 

weaker than the corresponding one for T ( 9 8 .214) .  A s  
- 

a function of Ah/A1, Ny shows a minimum at Ah/A1 

CT 

This relationship is attributed to the shell effect: at 

1.1;  a further minimum at Ah/A1 CT 1 . 8 6  is indicated. 

Ah/A1 = 1 . 1 ,  the heavy fission fragment has slightly more 

than 50 protons and 82 neutrons; at Ah/Al = 1 . 8 6 ,  the light 

fission fragment has little more than 50 neutrons. 

8 . 3 2 .  Energy spectrum. 

Figure 8 . 3 2  shows the measured spectra of prompt 

gamma-radiation for the thermal fission of U235 ( 0 . 3  

MeV I Ty 5 8 MeV, Ma 58-1) and the spontaneous fission 

of Cf252 ( 0 . 2 5  MeV 5 Ty I 8 MeV, Sm 56-2).  Additional 

measurements of the spectrum for Cf252 a r e  available for 

limited Ty ranges (Mi 58-1, Bo 58-2) .  
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In the 100-kev 5 T 5 800-kev range, eight Y 

distinct lines were found (in the thermal fission of U235) 

(Sk 57-1, Vo 57-1). For the radiation with T 5 250 kev, these 

lines were shown to originate in the fission fragments (Sk 57-1; 

see Q 8.1) by the geometric arrangement of the detection 

apparatus. The opinion has been expressed (Pr 58-4) that 

the lines could also be created in different fission fragments 

through the superposition of y-transitions of nearly equal 

Y 

energy. 

Radiation maxima at 16 and 3 1 kev (Sk 59- 1) and, 

according to another source (Le 58-2 t), at 18 and 32 kev, 

were  interpreted a s  X-ray K-radiation and maxima at 2. 1 

and 3. 6 kev (Le 58-2 t) a s  L-radiation. 

the spectrum at 1 6  and 31 kev a re  too broad to be considered 

The maxima in 

lines. 

of the light group (1 6 kev) and the heavy group (3 1 kev) 

through the superposition of K-radiation (Sk 59-1; see 

9. 7.23).  

of U233 and Pu239 (Sk 59-1). 

They appeared to be created from fission fragments 

Corresponding maxima exist in the thermal fission 

The prompt gamma spectrum emitted during the 

fission of U235 was measured as a function of the bombard- 

ment energy. At neutron energies of 0.025 ev, 2.8 MeV, 

and 14.7 MeV, the spectra vary only within *15% (Pr 58-4). 
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The dependence of the mean energy of a gamma 

ray upon the total kinetic energy T1 + Th of the fission 

products is slight; as a function of the fission ratio Ah/A1, 

Ty appears to have maxima where N 

minima (Mi 58-1). 

Y 

- 
( 9  8.31) shows Y 

Table 8.3 lists measured and calculated values for the 

total energy TTy liberated in the form of gamma-radiation 

during a fission. The calculations a r e  based on the assump- 

tion that the gamma-radiation is emitted by the fission 

fragments only when the emission of neutrons is no longer 

possible in terms of energy; the other assumptions a r e  the 

same as those for the calculation of the spectrum of prompt 

neutrons (Le 56-2, Le 57-1; see ?I 8.22). 

ancy between calculated and measured values of I: T indi- 

cates that, actually, the gamma-radiation is not emitted only 

after the end of the neutron emission (Te 59-1). This could 

be due to the very strong electromagnetic fields which appear 

during the acceleration of the fission fragments immediately 

after their separation (Te 59 - 1). 

The large discrep- 

- 
Y 

8.33. 

fission fragments and the gamma rays. 

Measured angular distributions for the emitted gamma 

rays with respect to the direction of flight of the fission 
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fragments in the laboratory system can give an indication 

of whether or not the gamma rays in the fission-fragment 

center-of-mass system a r e  emitted isotropically. Meas- 

urements of thermally split U235 and Pu239 showed that 

the gamma rays a r e  emitted anisotropically by the fission 

fragments, with very weak nonrandom direction in and 

against the direction of flight of the fission fragments 

(Le 58-2 +). A brief note (Hu 56-2) indicates that (in the 

case of U 235) more photons a re  emitted in the direction 

of the light fission fragment than in the' direction of the 

heavy one. 

- 5 1  - 



REFERENCES 

Introductory Remarks 

The abbreviations for the references a r e  composed of the first two 

The last two numbers of the letters of the last name of the senior author. 

year in which the work (in several cases, the first one listed) has appeared, 

and a ser ia l  number. 

In the references themselves, the following abbreviations, which 

a re  not always in  general use, a r e  employed. 

AE 

AEC -tr  

AECD 
AECU 
ANL 
BNL 
C F  
CP  
HW 
LA 
LADC 
NYO 
ORNL 
OR0 
TID 
UCRL 

AERE 
BR 

Atomna ya Ene r gi ya 

Russian publication translated by the Atomic Energy 
Commission (USA) 

Research report of the Atomic Energy Commission 
(USA) 

Research report of the Atomic Energy Research 
Establishment (Harwell, Great Britain) 

AERE-Lib/Trans Russian publication translated by the Atomic Energy 
Research Est ab li s hm ent 

Atomenergie Conference of the USSR Academy of Sciences on the 
Peaceful Uses of Atomic Energy 
Berlin: Akademie-Verlag. 

- 52 - 



REFERENCES (Cont ' d) 

Conf. Acad. Sci. Conference of the Academy of Sciences of the USSR 
USSR on the Peaceful Uses of Atomic Energy. Atomic 

Energy Commission (USA) 

Research report of the Atomic Energy of Canada, Ltd. 
CRP(  AEC L) 

JETP 

N P  

NNES 

P N F  

P R  

PUAE 

Soviet Physics (JETP) 

Foreign reports obtainable through the Atomic 
Energy Commission (USA) 

National Nuclear Energy Series. New York: McGTaw- 
Hill. 

Physics of Nuclear Fission, Supplement No. 1 of the 
Soviet Journal Atomnaya Energiya. London: Pergamon 
Press. 

The Physical Review 

Proceedings of the International Conference on the 
Peaceful U s e s  of Atomic Energy. New York: United 
Nations 1956. 
Proceedings of the Second United Nations International 
Conference on the Peaceful Uses of Atomic Energy, 
United Nations, Geneva, 1958. 

Se s siya Akad. 
Nauk SSSR atomnoi energii. Moskau: Verlag der Akademie der 

Sessiya Akademii Nauk SSSR PO mirnomu ispolzovaniyu 

Wissenschaften der UdSSR. 

S JAE Soviet Journal of Atomic Energy 

ZETF Zhurnal eksperimentalnoi i teoreticheskoi fisiki 

- 53 - 

t 



Aa 57-1 P. AAQAARD, G. ANDERSSON, J.O. BURGXAX u. 
A.C. PAPPAS: J. Inorg. Nucl, Chem. 5, 105. 

Al 50-1 K.W. ALLEN u. J.T. DEWAX: PR 80, 181. 
Al 51-1 S.G. AL-SALAX: PR 84. 764. 
Al 51-2 K.W. ALLEN u. J.T. DEWAX: PR 82, 327. 
Al 57-1 J.M. ALEXASDERU. CH.D. CORYELL: PR 108,154. 
An 52-1 R.E. ANDERSON u. R.B. DCFFIEL~: PR Sa, 728. 

M.P. A~XINA, P.M. ARCIS: V.K. G O R k O V ,  R.S. 
IVANOV, L.M. KRI~ANSKI, G .  11. KTKAVADZE, AN. 
Mmm, I.A. REFORMACKI u. B.V. ERSLER: PUAE 
16, 446 (P/2040). 

Au 65-1 J.M. AECLAIR, H.H. LASDOX u. 11. JACOB, C. R. 
Acad. Sci., Paris 241, 1935. 

Au 58-1 J.M.AUCLAIR: J. phys. Radium 19, 68. 
Be, 47-1 G.C. BALDWIX u. G.S. KLAIBER: PR i1, 3. 
Ba 51-1 R.E. BATZEL u. G.T. SEABORG: PR 83, 605. 
Be 54-1 R.E. BATZEL: UCRL-4303. 
Ba 54-2 F.R. BARCLAY, W. GALBRAITH, K. M. GLOVER, 

G.R. HALL u. M’. J. WHITEHOUSE: Proc. Phys. 
SOC., Land., A 67, 646. 

11. L.E.LAZAREVA: ZETF 29, 280; JETP 2, 106 
(1956). 

Ba 55-2 R.P. BANNIK u. J0.S. IVAXOV: Dokl. Akad. Xauk 
RSSR. 103, 997; AEC-tr-2380. 

Ba 56-1 R.M. BARTHOLOMEW 11. A.P. BAERG: Can. J. Chem. 
34, 201. 

Ba 57-1 B.P. BANNIX, N.M. KULIKOVA, L.E. LAZAREVA u. 
V.A. JAKOVLEV: ZETF 33,53; JETP 6,39 (1958). 

Ba 57-2 G.A.BAT u. L.P.KuDRIs: AE 3, 15; SJAE 3, 
735 (1957); Kernenergie 1, 346 (1958); J. Kucl. 
Energy 8, 74 (1958/59). 

Ba 57-3 B.P. BAYKURST, C.I. BROWNE, G.P. FORD, J.S, 
GILMORE, G. W. KNOBELOCH, E. J. LANQ, M A  
MELNICK u. C. ORTH: PR 107, 325. 
A.I. BAZ, N.M. KULIKOVA, L.E. LAZAREVA, N.V. 
NIKITINA u. V.A.SEMENOV: PUAE 16, 184 
(P/2037). 
R.M. BARTHOLOMEW, J.S. MARTIN u. A.P. BAERG: 
Can. J. Chem. 37. 660. 

11. T.\V. BOXNER: PR 74, 1645. 
G .  BERXARDIXI, E.T. BOOTH u. S. J. ~ D E N B A L - M :  

An 58-1 

Ba 55-1 B.K. BALUJEV, B.I. GAVRI-LOV, G.S. Z.4CEPISA 

Be, 58-1 

Be, 59-1 

Be 48-1 S. DE HEXEDETTI, J.E. FRAM 

Be 51-1 
PK 81, tw. 

& 52-1 G .  BERSARDIhT, E.T. BOOTH U. S.J. LINDESBALX: 
PH 86; 826. 

Be ;id-1 G .  BBERNARDISI. R. REITZ u. E. SEGRB: PR 90,373. 
Be 53-1 (;.E. HEMVICKIJ, T.B. I<o~i.isov.~. L.V. SOL-CHOV 

u. 1.31. ERA%=: ZETP 29,737; JETY e, 493 (1‘356). 
Be 56-1 H.A. BETHE: Pmgrese Sucl. Energy 11, 91. 
Be 58-1 A. A. BEREZIS, G.A. STOUAROV, Jn. V. SIKOUR- 

KIJ u. I.E. CEWOKOV, AE 5. 639; SJAE 5 ,  1 W  
(19.58); Kenienergie 2, l(Pz’2 (1959). 

Bi 53-1 R. P. BILLER, UCKL9Mi 
Bi 56-1 C‘. R. BIGHAM, (‘KP-642--4 (AECL-329). 8. 111. 
Bi 38-1 D. I<. BIDISOYTI, H. li. FIrKEL 11. H. H. TOYLIS- 

B1 43-1 F. BLOCH u. H. STACB: AECD-31.78. 
B1 32.1 J.Y. I~LATT 11. V.F. \VEISSKOPF: Throretical xu- 

clear Physics, S. 317. Xew York: John \Viley & Sons. 
Theomtisclie Krriiphysik, 8. 5 3 .  L-ipzig: B. G. 
Teubner 1959. 

B1 32-2 J.Y. BLATT 11. V. F. \VEISSKOPF: Theoretical xu- 
dear Physics, 8.383. New Tork: John 1Vile.y & 
Sons. Theoretische Kernphysik, S. 314. Leipzig: 
B. G .  Teubner 1939. 

sos: PUAE 15, 459 (P,3Il). 

B1 59-1 

Bo 37-1 

Bo 39-1 
BO 40-1 
BO 32-1 

Bo 56-1 
Bo 37-1 
BO 38-1 

Bo 38-2 

Bo 3s-3 

Br 49-1 
Br 50-1 

Br 50-2 

Br 53-1 
Br 54-1 
Br 53-1 

Br 56-1 
Br 56-2 

Bu 66-1 

Bu 56-2 

Bu 56-3 

Bu 58-1 

Bu 58-2 

Bu 58-3 

Ca 51-1 
Ca 56-1 

Ch 54-1 
Ca 57-1 

C’tl 54-2 

Ch 33.1 

Ch 36-1 

CI 38-1 
co 23.1 
co 31-1 

Co 35-1 

co 56-1 

G J  58-1 
co 58-2 

co 59-1 

L. BLWBERG, J .  BUCALL, D. GARRETT u. R.B. 
LEACHMAS: Bull. Imer. Phys. Soc. I1 1, 31. 
X. BOHR u. F. KAI~.KAR: Kgl. Danske Yidenskab. 
Sebkab, Nat.-fys. Metld. 14, 10. 
s. BOHR u. J..L WHEELER: PR ;ti, 426. 
s. HOUR: PR 58, 864. 
T. W. BONNER, R. A. FERRELL u. M. C. RISEUT: 
PR 87, IOW, 
-la. BOHR: PILIE 2, 131 (P,911). 
L.31. BOLLISGER: TID-754i, S. 8;. 
L.M. BOLLISGER. R.E. CVTP 11. (;.E. THOMAS: 
1’UXE la, 175 (P,687). 
H. I<. Bow.n.4~ u. S. G. THOMPSOS: €’CAI< 1;. 212 
(P163-2). 
1.1. BOSDAREXKO, B.D. Kuzmsov, L.S. KL ‘C *_  IJE- 
VA, L.1. PROCHORO\-A u. G.N. SJIIHESIXS: PUhE 
f;, 333 (P/2187). 
D.C. BRTSTON: PR 76, 1598. 
D.C. BKUSTON u. G.C. Hassa: Can. J. Research 
A 2s, 1‘30. 
D.C. BRZ.NTOX 11. 1V.B. Trroxpsos: Cali. 3. Re- 
search A 28, 498. 
P. BROWS u. L. YAFFE: Can. J. Cheni. 31, 2 - E  
J.E. BROLLEY jr. 11. 1V.C. I ) r c ~ ~ s s o s :  PR 91,640. 
J.E. BROLLEY jr., 1Y.C. IhcKIssos 11. R.L.  HES- 

D.-L RRVVLEY: CKP-642-A (.IECL-32!1), S. 63. 
P. BROWS, M.R. PRICE 11. H. H. ~VILLIS: J. Inorg. 
Sucl.  Chem. 3, 9. 
G.H. BURBIDGE, P. HOYLE, E.11. BURBIDGE, R.F. 
CHRISTY u. W.A. FOWLER: PR 103, 1145. 
J.P. BUTLER, T..L EASTWOOD, H.G. JACKSOS u. 
R. P. SCHUMA~; : PK. 10Q, 963. 
J. P. BL-TLER, JI. LOUNSBURY u. J. S. XERRITT: 
Can. J. Chctn. 34, 253. 

N.E. B A L L O ~ :  PUAE la, 449 (P/643). 
L.R. BUNNET, E.31. SCADDES, J.O. ABRIAX u. 
S.E .  BALLOU: PUAE 1.5, 444 (P/644). 
J.P. BETLER, B. J. BOWLES ti. F. BROWS: I’UAE 
15, 136 (P/6). 

A. G.W. CAYERON: CRP-642-A (AECL-329), 8.189. 
A. G.W. CAMEROS: CRP-690 (AECL-433). 
0. CHAYBERLAIX, G.W. FARWELL u. E. SEQR~: 
PR 94, 156. 
G.R. (‘ifoiws, S . G .  THnJttws.. A. GE~ORW u. 
B.G. HAHVEY: 1’R 91, 1080. 
G.H. (*mwIs. B.(;. HARVE\-. S . ( ; .  THOXPSOS 11. 
A. GHIORSO: PK 1319. 
G.R. CH~WIS,  l3.t;. HAIIVET. D..L HICKS, J .  JSE 
jr. 11. R . V .  P’TLE: P I <  la?, iciti. 
K.31. CLARKE: ASI,-.%.%. 
Ck. I). CORYELL: .%nu. Rev. Suc.1. yci. 2, 315. 
B.L. (‘oifn-, \V.H. .JUSES. < ; .H .  JICCORYICR 11. 

B.L. YEKHELL: l’li 94, 625. 

, U.L. FEKRELL-HRYAS, D. J. COOJIBE 
L L I s t i s :  I’R 98, 635. 

B.L. COHES, A.F. COI~ES u. c‘i~ I). CDLEY: 1% 104. 
1Mti. 
B.L. COHES u. c‘. B. PTLMEK: Stid. Php. ti, 34;. 
C.T. COFPIS u. 1. HALPERS: I’K 11% 536. 

J.P. COSSER, K.L. HESKEI. 11. .J .E: .  Srmioss: 
Bull. -\mer. P h p  SOC. I1 4, 234. 

KEL: I’K 99, 139. 

L.R. BVNSEI-, E.M. SCADDEN, J.O. ABRIAJI U. 

A.G.W. CAMERON U. L. KATZ: PR 84, 608. 

- 54 - 



De 46-1 
D e  3.5-1 
~e 58-1 

Di 56-1 

Do 54-1 
DO 58-1 

DO 38-2 

Dr 57-1 

DU 53-1 
Du 53-2 
DU 58-1 

Ea 56-1 
Eg 56-1 

Er 57-1 

Fa 47-1 

Cr 36-1 L. CRASBEKG, G. FRPE, S. XERE~OS u. L. ROSES: 
PR 103, 662. 

Cr 36-2 W.W.T. C'RASE, G.H. HI< ss 11. H.H. BOWMAS: 
PR 101, 18W. 

Cr 38-1 E.A.C. CROCCH u. 1.G.  SWAISBASK: PUAE 15, 

Cu 37-1 J.G. CCXISCHAUE: J. Inorg. Sucl. C'heni. 0,  1. 
Cu 57-2 J.G.CUSINGHAYE: J. Inorg. Surl. C'heni. 4. 1. 
Cu 58-1 J.G.Cvs~stirr.i.\r~: J. Inorg. Srirl. Chrin. 6, 181. 
Da 39-1 V.F. DAROWKICH 11. S.A. PERFILOS: 2ETF 16, 

652; J E W  9, 436 (1959). 
P. L)EYERS: I'K 50, 974. 
R.IV. DEUTSCII: 1W 97, 1110. 
G.F. DESISESKO. S. S. IVAXIJVA. S. li. SOVIKOVA, 
X.A. PEHFILOV, E.I. PROKOYFIEV.~ 11. V. P. 8 a m v :  
PR 109, 1779. 

TERRELL: PR 101, 1012. 
E.M. DOUTHETT ti. D.H. TEXPLETOS: I'R 94. 128. 
I. DO~TROVSKY, P. HABISOWTL 11. H. BIVISS: 1'11 
111, 163!). 
I. DOSTROVSKY, Z. FRAESKEL 11. 1'. I<.AHISO\VITZ: 
PUAE la, 301 (€'/1615). 
V.A. DRVIS. S.N. POLIKAXOV 11. G.S. FLEROV: 
2ETF Pi, 1298; JETP S, 1059 (1937). 

464 (P/7). 

B.C. DIVES. H.C. 11AHTIS. H.F. T.iS('liEK 11. J. 

R.B. DI-FFIELD 11. J.R. HI'IZI.;S(:A: Z'R S9, 1042. 
S. 1'. ~ICTTA: Indian J. Phys. 5, Xi. 
R.R. L)I-FFIELD, IC.-\. ~ C H M I T T  11. 1i.A. SHARP:  

T. -\. E.AST\VOOD: CRP-642--4 (AEC'L-329). S. 43. 
€'..I. I ~ E L S T A F F  11. D. J. HUGHES: l'wgrcss Sucl. 
Energy 1 1, 3.5. 
X G .  EROZOLIMSKI: -W, Suppl. 1, S. 71; SJAE, 
Srippl. 1. 5.31 (1935); PSP. 5.64 (195s). 
G .  FARWELL, E. SEGR~C u. G. WIEGASD: PR 51. 
3'7. 

PUAIS 13, 2w2 (Pi67H). 

Fa 54-1 A.W. FAIRHALL. I. HALPERX u. E. J. WISHOLD: 
PH 91, 533. 

Fa 56-1 F.J.M. FARLEY: J. SUC~. Energy 3, 33. 
Fa 56.2 A.\V.FAIRWLL: PR 103. 1333. 
Fa 58-1 A.W. FAIRHALL, R.C. JESSES 11. E.F. SEUZIL: 

PCAE 10, 452 (P/677). 
Fa 58-2 H. FAISSSER u. F. GOSSESWEIS: %. Physik lt3, 

237. 
Fe 42-1 
Fe 47-1 
Fe 51-1 

Fe 51-2 

Fi 54-1 

Fi 53-1 

Fi 56-1 

F1 53-1 

S. FEATHER: UH-333 A. 
E.FERNI 11. E.TELLER: Pli 7% 399. 

GOLDSTEIN u. \-. F. WEISSKOPF: XYO-636. 
31.H. FELDYAS, L.E. GLESDESIS 11. K.R. ED- 

P.R. FIELDS, M.H. STUDIER, L.B. 3iAcsmsoX u. 
J.R. HUIZENGA: Nature, Lond. 174, 265: 

P.R. FIELDS, Y.H. STC-DIER, J,F. NECH. H. DIA- 
MOND, A.M. FRIEDMAS, L.B. 3f .~~svssos  u. J.K.. 
HL-IZEXGA: PR 94, 209. 

P. R. FIELDS, J.E. GISDLER, A.L. HARKSESS, 11. H. 
S T C D ~ ~ ~ S ,  J.R. HVIZESGA u. A.M. FRIEDMAN: YK 
100,172. 

~IECE, N.G. IHGHRAX, G.L. PYLE, C.M. STEVESS, 
S. RUED. W.M.MASSI~G, A. GFIIORSO, S. G. '~oMP-  
SON, G. H. Hxoorss u. G.T. SEABORG: PR 103, 180. 

W.H. FLEMXEG u. H.G. THODE: PR 92, 378. 

B.T. FELD, H. FESHBACH, Y.L. GOI.DBEHCI.:R, H. 

WARDS: SNES Iv 9, 598. 

P.R. FIELDS, M.H. STrDIER, H. DIAMOSD, 3. F. 

Fl 58-1 X.N. FLE~OV. A.A. BEREZIN u. I.E. CELNOKOV: 
AE 5, 657; SJAE 5, ls00 (1958); Kernenergie 3, 
1020 (1959). 

F1 58-2 R.G. FLVFIAETY, M.S. MOORE u. J.E. EVANS: 
PC'AE 15, 111 (P/645). 

F1 38-3 G.N. FLEROV, D.S. KLOEKOV, V.S. SKOB~M u. 
V.V.TERE~EV:  Dokl. b a d .  Nauk SSSR. 118, 
69; Soviet Physics (Dobdady) 3, 79 (1958). 

Fo 47-1 J.L. FOWLER u. L. ROSEN: PR 73, 926. 
Fo 52-1 J.L. FOWLER, W.H. JONES u. J.H. PAEHLER: 

Fo 53-1 G.P. FORD: AECD-3597. 
Fo 53-2 G.P. FORD u. C.W. STANLEY: AECD-3551. 

PR 88, 71. 

Fo 55-1 R.L. FOMER, P.C. STEVENSON u. G.T. SEABORC: 
PR 98, 107. , 

FO 56-1 
FO q58-1 
Fo 59-1 
Fr 46-1 
Fr 47-1 
Fr 51.1 
Fr 52-1 
Fr 54-1 
Fr 55-1 
Fr 56-1 

Fr 58-1 

Fu  57-1 
Ge 54-1 

Gh 52-1 

Gh 54-1 

Gh 55-1 

Gh 56-1 
Gi 54-1 
Gi 56-1 
Gi 56-2 

GI 51-1 

G1 51-2 

G1 55-1 

GI 55-2 

G1 56-1 

GO 48-1 
Go 49-1 
GO 49-2 

Go 55-1 

Go 56-1 
Gr 49-1 

Gr 54-1 
Gr 56-1 
Gr 56-5 

P. FONG: PR 102, 434. 
B.M. FOREXAN jr. : UCRL-8223. 
W.D. FOLASD u. R.D. PRESENT: PR 118, 613. 
J. FRENKEL: J. Phys. USSR. 10, 533. 
S. FRANKEL u. N. METROPOLIS: PR 72, 914. 
S. S. FRIEDLAND: PR 84, 75. 
J.S. FRASER: PR 88, 536. 
J.S. FRASER u. J.C.D. MILTON: PR 98, 818. 
J.E. FRANCIS u. R.L. GAMBLE: ORNL-1879, S. 20. 
S.M. FRIED, G.L. PYLE, C.M. STEVENS u. J.R. 
HUIZENGA: J. Inorg. Nucl. Chem. 2, 415. 
K. FRITZE, C.C. MCMULLEN u. H. G. THODE: PUAE 
10, 436 (P/187). 
C.B. FULMER u. B. L. COHEN: PR 108, 370. 
M. GELL-MANN, M.L. GOLDBERGER u. W.E. THIR- 
RING: PR 95, 1612 . 
A. GHIORSO, G.H. HIGGINS, A.E. LARSH, G.T. 
S ~ a ~ o a a  u. S.G. THOMPSON: PR 87, 163. 
A. GHIOBSO, S. G. THOMPSON, G.H. HIGGINS, B.G. 
HABVEY u. G.T. SEABORQ: PR 95,293. 
A. GHIORSO, B. G. HARVEY, G.R. CHOPPIN, 6. G. 
THOMPSON u. G.T. SEABORC: PR 98, 1518. 
A. GHIORSO: PUAE 7, 15 (P/718). 
J. GINDLER u. R.B. DUFFIELD: PR 94, 759. 
W.M. GIBSON: UCRL-3493. 
J.E. GINDLER, J.R. HUIZENGA u. R.A. SCHXITT: 
PR 104, 425. 
L.E. GLENDENIN, CR. D. CORYELL u. R.R. ED- 
WARDS: NPUES I V  9, 489. 
L.E. GLEBDEXIN, E.P. STEINBERQ, M. G. INGHRAM 
u. D.C. HESS: PR 84, 860. 
R. A. GLASS, S. G. THOMPSON u. G.T. SEABORG: J. 
Inorg. Iyucl. Chem. 1, 3. 
L.E. GLENDENIN u. E.P. STEINBERQ: J. Inorg. 
h'ucl. Chem. 1, 45. 
R.A. GLASS, R.J. CARR, J.W. COBBLE u. G.T. 
SEABORG: PR 104,434. 
M.L. GOLDBERGER: PR 74, 1269. 
R.H. GOECKERMANN 11. I. PERLMAN: PR 78, 628. 
F. K. GOWARD, E. W. TITTERTON u. J. J. WILKINS: 
Nature, Lond. 164, 661. 
V.I. GOLDAXSKIJ, V.S. PENKINA u. E.Z. TARU- 
MOV: ZETF 29, 778; JETP 2, 677 (1956). 
W.M. GOOD u. E.O. WOLLAN: PR 101, 249. 
L.L. GREEN u. D.L. LIVESEY: Phil. Trans. Roy. 
Soc. Lond. A 241, 323. 
A. E. Y. CREES : PR 86, 1006. 
E. GROSS: UCRL-3330. 
J.A. GRUNDL u. J.R. SEUEB: Bull. -liner. Phys. 
soc. I1 1. 93. 

- 55 - 



Gr 37-1 W.E. GRCXMITT u. G.31. I+hmx: J. Inorg. Surl. Hu 58-2 D. J. HUQHES u. R.B. SCHWARTZ: BNL-325. Sec- 
Chem. 5, 93. ond Edition. 

Gr 87-2 W. E. GRL‘WXITT u. G. M. XXLTOS: CRC-694 Hy 57-1 E.K. HYDE u. G.T. SEABORG: Handbuch der Phy- 
( AECL-453). sik, Bd. 42, 5.286. Berlin: Springer. 

GU 37-1 

GU 59-1 
Ha 41-1 

Ha 51-1 

Ha 53-1 

Ha 54-1 
Ha 55-1 

Ha 55-2 
Ha 56-1 
Ha 56-2 

Ha 56-3 

Ha 57-1 
Ha 58-1 
Ha 58-2 

Ha 58-3 

Ha 59-1 
He 55-1 
He 56-1 

He 58-1 
He 59-1 

He 56-2 

Hi 52-1 
Hi 32-2 
Hi ,52-3 
Hi 53-1 
Hi 53-3 
Hi 55-1 
Hi 55-2 

S.R. 4.21-NN, H.G. HICKS, H.B. LEVY u. P.C. STE- 
V E N S ~ ~ :  PR 107, 1642. 
R. GUKSIXK U. J.W. COBBLE: PR 115, 1847. 
R.O. HAXBY, W.E. SHOVPP, W.E. STEYENS u. 
W.H. W ~ L S :  PR 59, 57. 
G.C. HANNA, B.G. HARVEY, N. Moss u. P. R. T r s -  
NICLIFFE: PR 81, 466. 
R. HAGEDORN u. W. MACICE: Vortriige iiber kos- 
mische Strahlung, herausgeg. von fV. HEISESBERG, 
S. 201. Berlin: Springer. 
G.X. HARDING: AERE-S;R-1438. 
J.A. HARVEY, D. J. Hvtirr~s, K.S. CARTER 1 1 .  V.E. 
PILCHEK: PR 99, 10. 
J.E. HAMMEL u. J.F. KEPHART: PR 100, 190. 
G.N. HARDIKQ: Proc. Phys. Soc., Lond. A 69, 430. 
G.N. HARDING u. F. J.31. FARLEY: Proc. Php.  
Soc., Lond. A 69, 853. 
J.A. HARVEY u. J.E. SASDERS: Progress Sucl. 
Energy I 1, 1. 
I.W. HAY u. T.D. XEWTON: Can. J. Phys. 35, 193. 
I. HALPERX u. C.T. COFFIN: PUAE 15,398 (P/642). 
I. HALPERN u. V.M. STRUTINSKI: PUAE l S ,  408 
(P/1513). 
W.W. HAVENS jr. u. E. XELKOXIAN: PUhE 13, 99 
(P/655). 
I. HALPERN: Kucl. Phys. 11, 5%. 
K.M. HENRY u. M.P. HAYDON: CF-53-442. 
R.L. HENEEL u. J. E. BROLLEY jr.: PR 103, 1292. 
K.M. HENRY u. N.P. HAYDON: ORNL-2081, S. 108. 
A. HEMJIENDINGER: PUAE 15, 344 (P/663). 
R.L. HENKEL u. J. E. Sr.\i.\ross : Bull. Amer. Phys. 
Soc. I1 4, 233. 
X.Y. HINTZ 11. N.F. RAMSEY: I’It 84, 19. 
D.L. HILL: PR 87, 1034. 
D.L. HILL: PR 8i, 1049. 
D.L. HILL u. J.A. WHEELER: PR 89, l lW2. 
D.M. HILLER u. D. S. MARTIN jr.: PR 90, 581. 
H.G. HICKS u. R.S. GILBERT: PR 100, 1286. 
H.G. HICKS, P.C. STEYESSON, R.S. GILBERT 1 1 .  
W.H. HUTCHIN: PR 100, 1284. 

Hi 56-1 
Hi 57-1 

Hj .56-1 

Ho 81-1 J.M. HOLLANDER: UCRL-1396. 
Ho 31-2 E.J. HOAGLAND 11. N. SUGARMAS: NSES I V  9, 

1031. 
Hu 51-1 H. HURWITZ jr. u. HA.  BETHE: PR 81, 898. 
Hu 53-1 J.R. HUIZENGA: ANL-5130. 
Hn 53-2 E.K. HULET, S.G. THOMPSON u. A. GHIORSO: PR 

89, 878. 
Hu 53-3 E.K. HULET: UCRL-2283. 
Hu 34-1 J.R. HUIZESGA: PR 81, 158. 
Hu 54-2 J. R. HUIZESGA, J. E. GINDLEB u. R. B. DUFFIELD: 

PR 9S, 1009. 
Hu 56-1 J.R. HUIZESGA: PUAE 2, 208 (P/836). 
Hu 56-2 CH. M. HUDDLESTOX: ANL-5609, S. 39. 
Hu 57-1 J.R. HUIZENGA u. H. DIAMOXD: PH. lo?, 1087. 
Hu 58-1 J.R. HIJIZENQA: PR 109, 484. 

D.A. HICKS, J. ISE jr. u. R.V. PYLE: PR 101. 1016. 
D.A. HICKS, J. ISE jr., R.V. PYLE, G. CHOPPIS 11. 
B. HARVEY: PK. 105, 1507. 
E. HJALMAR, H. SLXTIS u. S. G. THOMPSOS: Ark. 
Fysik 10. 357. 

- -  
In js.1 D.K. INGLIB: h. Physics 5, 106. 
1%- 55-1 S.S. IVASOVA, N.A. PERPILOY u. V.P. SAYOV: 

h k l .  A k d .  Xauk SSSK. 103, 373; AERE-Lib/ 
Trans-646. 

I\- 56-1 S.S.  ISANOVA: ZETF 81.413; JETP 1,363 (1957). 
I r  56-2 S . S .  IYAXOX-A u. 1.1. PJANOV: ZETF 31, 416; 

JEYL’P 1, 367 (1957). 
I\- 56.3 S. S. IVASOYA: ZETF 31,693; JETP 1, 397 (1937). 
Iv 57-1 S.S. IVAKOYA: AE, Suppl. 1, S. 115; SJAE. 

Suppl. 1, 5.76 (1957); YSF, S.98 (1958). 
Iv 57-2 K.S. IYAKOV, V.K. OOR~KOY.  31. 1 ’ . A 4 ~ ~ ~ ~ ~ ~ ,  G.M. 

KUKAVADZE u. B.\’.ERBLEH: AE a, 546; SJAE 
3. 1136 (1957); Kernenerglie 1. 885 (19%); J. SUCI. 
Energy 9, 48 (19.59). 

Ka 48-1 8. KATCOFF, J.A. MISKEL u. CH. W. STANLEY: 
PR i1, 631. 

Ka 51-1 L. KATZ u. -4.G.W. CAYEROI: Can. J. Php .  49, 
318. 

Ka 53-1 
Ka 85-1 

Ka 56-1 

Ka 58-1 

Ka 58-2 
Ka 58-3 

Ke 48-1 
Ke 34-1 

Ke 56-1 
Ke SY-1 

Kj 56-1 
Kj 59-1 

S. KATCOFF u. W. RL-BISSOS: PR 91, 1458. 
L. KATZ, T. $1. KAYANACJH. A. G.  W. CAMEROX, E.C. 
BAILEY 11. J.W.T. SPISKS: PR 99, 98. 

JAS 11. 1II.I. PEVZSER: AI? 1, S r .  3, S. 11; SJ-4E 
1, 291 (1936); J. Sucl. Energy 4, 67 (1957). 
L. KaTZ, B.P. BAERG u. F. R R O W S :  PUXE 15, 188 

8. KATCOFF: Sucleonics 16, S r .  4, S. 58. 
-4. v. KALJAHIN. -4. s. nfTRIS,  R.K. PREORRAiESS- 
K I J  U. X.E. TITOY: :iE 4,196; SJAE 4,267 (19.58); 

E.L. KELLY U. c. \\TIEGAND: PR 71, 113.5. 

V. I. KAL-4kIKOYA, \‘.I. LEBEDEV. L.A. AIIKAJEL- 

(l’pzoo). 

J. Xiicl. Energy 9, 165 (1959). 

K.X. KELLER, E.P. STEISBERG u. L.E. GLESDE- 
XIS: PR 91, 969. 
T. J. KESNETT u. H.G. THODE: PIi 103, 323. 
G.K. KEEPIS: AE 1, 250; SJ.W 4. 339 (1938); 
Kerneiiergie 1, 975 (1958); J. Sucl. Energy 7, 13 
(19.78). 
-4. KJELBERO u. A.C. PAPPAS: Sud. Phgs. 1, 322. 
A. KJELBERG u. A.C. PAPPAS: J. Inorg. Sucl. Chem. 
11, 173. 

IV 58-1 S. S. IYANOVA: ZETF 81,1381 ; JETP 7, !E3 (1958). 
Iv 58-2 s. S. ~VAHOYA,  v.1. OSTROCJIOY 11. H.A.  FrLoY: 

I’UAE 15, 164 (P/2039). 
J a  49-1 A.H. JaPFEY u. A. HIRSLX: .\SL-1286, s. 42. 
Ja 36-1 J.D. JACKSOS: CRP-642-A (AEC‘L-329). S. 125. 
Je  58-1 K.C. .JESSES u. -4.W. FAIRHALL: PR 109, 942. 
Jo  53-1 \V. JOIIN u. \V.F. FRY: PR 91, 1234. 
Jo  33-1 L.G. JODRA u. S. SL‘GARYAS: PR 99, 1470. 
JO 53-2 \V.H. JONES, A. TIJ!SICK, J.H. PAEIILEK 11. T.H, 

HASDLEY: PR 99, 184. 
Jo  36-1 W.H. JONES: ORO-162. 
J O  56-8 $1. JOSES, R.P. SWI-MAN, J.P. BCTLER. G .  COW- 

PER, T.A. EASTWOOD u. H.G. JACKSOS: YR 10% 
203. 

Jo  59-1 S.A.E. JOHANSSCJS: Sucl. Phys. li?, 449. 
J u  49-1 J. JUKGERMAX u. S.C.\T’RIGHT: Plt 76, 1112. 
Ju  50-1 J. JCXGERJUN: PR i9, 632. 
J u  54.1 
J u  37-1 J.X. JUXGERXAN u. H.M. STEINER: PR 108, 585. 

J. JUNGERXAX u. H. STENER: PR 93, 949. 

- 56 - 



KO 30-1 

KO 55-1 

KO 56-1 

KO 56-2 

KO 57-1 

KO 38-1 
KO 38-2 

KO 58-3 

KO 58-4 

KO 59-1 

Kr 52-1 
Kr 55-1 
Kr 57-1 

Kr 38-1 

Ku 33-1 

Kll 5.5-2 
Kit 3.5-3 

La 31-1 

La 33-1 

La 37-1 

La 37-2 

La 58-1 

La 39-1 

La 59-2 
Le 30-1 

Le 32-1 
Le 34-1 
Le 33-1 

Le 56.1 

H.W. KOCH, J. MCELHISSET u. E.L. GASTEIGER: 
PR i i ,  329. 
S.S. KOLESSIKOV U. s.I. LARKIN: ZETF 28, 244; 
JETP 1, 179 (19.55). 
V. A. KOROTKOVA, P. A. C'EREBKOV u. I. V. CUVILO: 
Dokl. Akad. Sauk SSSR. 106, 811; Soviet Physics 
(Doklady) 1, 104 (1956). 
V.A. KOROTKOVA, P. A. C'EREBKOV u. I.V. cuvn,o: 
Dokl. Akad. Nauk SSSR. 106, 633; Soviet Physics 
(Doklady) 1, 77 (1956). 

u. A.G. GL-SEJXOV: ZETF QQ, 1069; JhTP 8, 823 
( 1958). 
V.P. KOVALEV: ZETF 34,501 ; JETP 7,345 (1938). 
V.P. KOVALET 11. l-.S. STAVISSKIJ: ZETF 36, 787; 
JETl' 8, ,545 (1939). 
V.P. KOVALEV 11. V.S. STASISSKIJ: AE 5, 649; 
SJAE 5, 1.588 (1938); Kernenvrgie 2, 771 (19.59). 
B.S. KW-RIGIS u. K.A. €"ETRI.\K: ;\E 1,547; Krrn- 
energie 2, 612 (1959). 
B. S. KOVRICIX 31. J A .  KOSDRATKO u. K. A. 
PETRLAK: ZETP 36, 315; JETP 9, 217 (195!8). 

P. KRL-OER ti. S. SI'GARX-AS: PR 99, 115!). 

V.P. KOTALE\-, V. s. zkWREJEV. M . S .  SIKOLWEV 

-4. KR.4XlSII: 1'1i 88. 1201. 

L.31. KI~IhSSKIJ, J.4. 31.4LY.J. -4. s. 31CRIS 11. 13. I\-. 
PREOBR~~ESSKIJ:  -%E 2. 256; SJAE 2. 331 (1!1*;7); 
Kernenergie 1, 38 (1938); J. Sucl. Erirrgy 6. 26U 
(1957/.58). 
L J I .  KRI~ASSKIJ u. -1.S. 111.~1~: AE 1. 7 7 ;  SJ.\E 
1, 9.5 (1938); Kernciiergie 1, l(MW (1958). 
1%. V. KUR~ATOV.  V.X. .\IECIlEDOV. 31. 3.4. KI-ZSE- 
('OVA it .  L.S. KrRc?rToVa: Srssija -&id. Nauk 
SSSR. (C'hcmie), S. 120; Atomenrrgie (Chemic), 
S. 100 (1957); Conf. Acad. Sci. USSR. (Chemical 
Science). S. 79 (19.56). 
IC. KCMAR u. 11.-4. PRESTOS: Can. J. l'hys. 38,298. 
B.V. KL-RCATOV, V . S .  MECHEDOY, S. I. BORISOVA, 
31. JA. KUZSECOVA, L.N. KCR~ATOVA 11. L.V. 
C'ISTJAKOV: Sessija Akad. Sauk SSSH. (Chrniie), 
S. 178; Atomenergie (C'hemie). S. 118 (1937); Conf. 
Acad. h i .  USSR (Chemical Science), S. 111 (1956). 
H. DE LABOCLaYE, C'. TZARA U. J. OLKOWSKS: 
J. phys. Radium 15, 470. 
L.E. LAZAREVA. B.I. GAVRILOV, B.S. V A L ~ J E V ,  
G.X. ZACEPIXA u. Y.S. STAYISSKIJ: Sessija Akatl. 
Sauk SSSR. (Phys. u. Math.), S. 306; Atomenergie 
(Phys. 11. Math.), 8.251 (1937); Conf. Aead. Sci. 
USSR. (Phys. and Math. Sciences), S. 217 (1936). 
A.K. LAVRCCHISA, L.P. MOSKALEVA, L. 1). KRASA- 
YISA u. I.M. GREEIBCEVA: AE 3, 283; SJAE 3, 
1087 (1957); J. Sucl. Energy 8, 231 (1938/59). 
-4.K. LAVRUCHINA U. L. I). KRAsA\~IKA: AE 2. 27; 
SJAE 2, 27 (1955); J. Sucl. Energy 6. 236 (1957). 
A.K. LAVRCCHISA, L.D. KRASAVIS.~ 11. A &  Poz- 
DSJAROV: Dokl. Akad. Sauk SSSR. 119, .is; Soviet 
Physics (Doklady) 3, 283 (1938). 

KIJ: Dokl. Akad. Sauk SSSR. 125, 532; Soviet 
Physics (Doklady) 1. 361 (1959). 
R.R. IAUPHERE: ORSL-2718, 8. 18. 
K.J. LECOTTECR: Proc. Phys. Soc., Lond. A 63, 
259. 
R.B. LE.4CHMAS: PR 87, 444. 
R.B. LEACHMAS u. H.W. SCHMITT: PI< 96, 1366. 

-4.K. LATRCCHISA, L.D. 1 t E Y I S A  U. E.E. RAKOVS- 

R.R. LEACHXAN u. W.D. SCHAFER: Can. J. Phys. 
38, 337. 
R.B. LEACHMAS: PI'AE 2, 193 (P,592). 

Le 56-2 
Le 57-1 
Le 58-1 
Le 58-2 
Le 58-3 

Le 38-4 

IA? 38-9 

Le 38-6 
Le 59-1 

Le 59-2 
Li 52-1 
Li 54-1 
Li 36-1 
Lo 5.5-1 

I& 35-2 

Lu 56-1 
Ma 49-1 
JIa 34-1 
M a  34-2 

JIa 57-1 
Ma 57-2 
Ma 58-1 

>IC 51-1 
M e  34.1 
JIe 34-2 

M e  36-1 

Me 55-1 

Me 38-1 
Me 38-2 

Ne 58-3 

Mi 32-1 
Xi 36-1 
Mi 57-1 

Jli 38-1 

Mi 58.2 A.K. NIICHVL ti. M.G. PETRA~W: SP-7060. 

Xa 57-1 R. NASUHOGLC~ 8. RABOY, G.R. HISGO, L.E. 
GLENDESIN u. E.P. STEINBERG: PR 108, 1522. 

S e  49-1 A.S. XEWTOX: PR 75, 17. 
S e  32-1 S.~ERESOS: PR 85, 600. 
Xe 52-2 2;. BERESON: PR 88, 823. 
Ne 55-1 W.E. XERYIK u. G.T. SEABORG: PR 9i, 1092. 
S e  58-1 M.F. SETTER, H. FARAGGI, A. GARIS-BONNET, 

M. J. JULIEN. C. C O R ~ E  u. J. TURKIEWICZ: PUAE 
15, 418 (P/1188). 

110 58-1 T.B. fi10STOr.4J.4: I'UAE IS, 433 (PP%XJl). 

R.B.LEACmraS: PK. 101, 1005. 
R.B. LEACHMAX u. C. S. KAZER jr. : PR 105, 151 1. 
R.B. LEACHMAS: PUAE l;, 229 (P/2467). 
R.B. LEACHMAS: PUAE 15, 331 (P/665). 
V.I. LEBEDES u. V.I. K A L A ~ K O V A :  AE 5, 176; 
SJAE 6, 1019 (1938); Kernenergie 2, 662 (1959). 
V. I. LEBEDEY u. V. I. KALABSIKOVA: ZETF 35, 
333; JETP 8, 3'70 (1939). 
B.R. LEONARD jr., E.J. SEPPI u. S.J. FRIESES- 
HAHN: HW-56919, 8.62. 
R.M. LESSLER: UCRL-8439. 
B.R. LEONARD jr., HW-59126, S. 3; B.R. LEO- 
NARD jr. u. E. J. SEPPI: Bull. Amer. Phys. SOC. I1 
4, 31 (1959). 
J. LEROY: C. R. Acad. Sci., Paris 248, 954. 
D. J. LITTLER: Proc. Phys. Soc., Lond. A 65, 203. 
11. LISDSEE u. R.S. OSBORSE: PR 91, 1323. 

0. Y. LO~KIS, X-4.  PERFILOV 11. V. P. RAMOV: ZETF 
29, 292; JETP '2, 116 (1956). 
0.1'. LOIKIS u. V.P. ~ Y O V :  ZETF 18, 739; JETP 
1, 587 (1955). 
E.V. LCOMA: TC'RL-3495. 
I,. MARSHALL: PR i s ,  1339. 
L. MARQUEZ: Suoro Cim. (9) 12, 288. 
L.H. ~~AGKL.SSON,  31.13. STCDIER, P.R. FIELDS, 
C.M. STEVENS, J.F. XECH, A.N. FRIEDMAS, H. 
Dr-ofosD 11. J.R. HVIZESGA: PR 96, 1376. 
L. 31ARQCEZ: Proc. Pliys. SOC., Lolid. -4 io ,  546. 
I,. MARQCEZ: Suoro Cim. (10) S, 1646. 
P.C'. MAIESSCHEIS. R.W. PEELLE, U'. ZOBEL u. 
T.A. LOVE: PUAE 15, 366 (P/6'70). 
J. YCELHIHSEY u. \V.E. OGLE: YR 81, 342. 
G.H. M~COBMICK i t .  B.L. COHES: PK 96. 522. 

93. 924. 
J.F. MEW, H. DIAMOSD, 31.H. STL-DIER, P.R. 
FIELDS, A. HIRSCH, C.M. STEVESS, R.F. BARKES, 
f). J. HESDERSOS u. J .R.  H~IZESGA: PH 103, 340. 
V . S .  MECHEDOV: AE, Suppl. 1, 8. 181; SJAE, 
Suppl. 1, 8. 120 (1937); PSP, Y. 133 (1938). 
J.W. MEADOWS: PR 110, 1109. 
N. METROPOLIS, It. BIXISS, 31. STORM, A. TCRKE- 
VICH, J.M. MILLEE 11. 0. FRIEDLASDER: PR 110, 
185. 
S. METRPOLIS, R. BIVISS, 31. STORM, J.M. MILLER, 
G .  FRIEDLANDER u. A. TURREVICH: PR 110, 204. 

Jf. LINDNER 11. R.S. OSBORSE: PK 103. 378. 

H. JfCJlAXVS, W.T. SIfARP U. H. YELLMAS: PK. 

J.F. MILLEE: UCRL-1902. 
J.C.D. MILTON: CRP-6+2-.\ (AECL-329), 8. 207. 
E.V. m m i K  it. V.A. XOVMOV: ZETF 32, 241; 
JETP 6, 253 (193'7). 
J.C.D. MILTOS 11. J.S. PRASER: PR 111, 875; 
PUAE 16, 216 (1'1199) (1938). 

- 57 - 



S i  53-1 
s o  88-1 

Ob 58-1 

OS 53-1 

os 55-2 

OS 66-1 

og 81-1 

Os Si-1 

Pa 53-1 
Pa 56-1 
Pa 36-d 

Pa 58-1 

PS 58-2 

Pa 58-3 

Pe 53-1 

Pe 55-2 

Pe 55-3 

Pe 55-4 

Pe 57-1 

Pe 37-3 

Pe 58-1 

Pe 38-2 

PI; 58-1 

Pi 36-1 

Po 56-1 
PO 37-1 
Po 3 i -2  
Po 57-3 
Po 39-1 

Pr 47-1 
Pr 58-1 

Pr 38-2 

Pr 58-3 

Pr 38-4 

D.B. SICODEMUS U. H.H. STAUB: PR 89, 1288. 
K.X. XOBLES u. R.B. LEACHXAX: Sucl. Phys. 5, 
211. 

-1. I. OBCCHOV: 8ETF 35,1042; JETP 8,725 (1959). 
1V.E. OGLE u. J. MCELHIXNEY: PR 81, 344. 
V. I. OSTROCMOV: Dokl. Akacl. Sauk SSSR. 103, 
4( )!j ; AEliE-Lib/Trans-6!)2. 
V. I. OSTROL-XW: Dokl. Akad. Sauk SSSR. 103, 
413; AEC-tr-2289. 
V.1. OSTROCMOV 11. S.A. PERFILOT: 8ETF 31, 716; 
JETP 4, 603 (195i). 
V.I .  OSTROUXOV u. R.A. FILOV: 8ETF 33, 1333; 
JETP 6, 1036 (1938). 

A.C. PAPPAS: AECU-2806. 
A.C. I’APPA~: PUAE 7, 19 (P/881). 
F.I. PAYLOCKAJA u. A.K. LAVRUCHINA: AE 1, 
Xr. 3, 5. 115; SJAE 1,791 (1956); J. Sucl. Energy 
6 ,  149 (1957). 
B.D. PATE, .J.S. FOSTER ti .  L. TAFFE: PUAE 15, 
149 (P/lYi); Can. J. Chem. 36, 1691 (1958). 
F.I. PAVLOCKAJA U. A.K. LATRUCHINA: 8ETF 84, 
1058; JETP 7, 734 (1958). 
B.D. PATE: Can. J. Chem. 36, 1707. 

S..\. ~’ERFILOV. S. S. lvasorr,  O.V. L O ~ K I S .  \- .I .  
OSTROL-MOV u. V. 13. Ra~or:  Sesaija A h d .  Snctk 
SSSK. ((’heinie). S. 79: Atonienergie (Chrtnit.). S .  ti6 
(19.i:): (‘onf. A r d .  Sei. VSSH. (Chemical Srieitce). 
s. 3.5 (1936). 
J..!. PETRTSKI. H. C:. THODE u. R.H. TOJILISWY: 
Can J. Phys. 33, A!)3. 
S.A. I’ERFILOV. 0. V. I , o i ~ r s  U. y.1’. S i w n  : 
ZETF 38. 653; .JE:TP 1. 4S!) (1933). 

JET1’ 3. 433 (l!hi6). 
S. -1. PERFILOV: -$E. Suppl. 1. S. !IS: S,J.iE. Suppl. 
1. S.66 (l!Lji); PSF. 8.84 (195S). 
S. A. PERFILOY, \-.E’. 8.01ov 11. O.\-. L ~ L R I S :  l l ) k l .  
-1katl. Sauk SSSR. 113, 75; Sorivt I’liysics ( I h -  
klady) I. I l i  (1!)5i). 
S..i. PERITLO\- 11. Z.I. SOLOVJETA: -1E a. 175; 
S.JAE 5,  1017 (19.78); Krnienergie 2. 661 (1959). 

JETP S. 438 l l!)59). 

L.PIIII.LIPS, I<. CATTI. -1. C‘IIESSR. I,. 1Ir-(:A 11. 
S. TIIOXPSOS: I’hys. l < w .  1,ettcw 1, 215. 
V.E. I’ILCIIER. J .A.  H ~ R V E T  11. D.J. HI-(:I~ES: 1% 
1OQ. 13-&2. 

s..\. 1’ERFII.OV 11. X.S. 1V.ISOVA: ZETF 29. 551 ; 

s.-1. PERFILOV 11. G.F. L)ESI5ESKC#: ZI.:‘rF 85, 6x1: 

C.E. PORTER 11. R . G .  TIIOUI*:  I’K 1o-1. w. 

xrr. PORILE U. S. SCGARJIAS: PR io;. 1410. 
S.T. PORILE 11. S. SWARJIAS: Pit 10i. 1422. 

S.T. I’ORILE: PR IOH, 13%. 
S.11. POLIKASOV 11. V..1. DRL-IS: ZKTF 36. 744; 
JETP 9, 332 (1959). 
H.D. PRESEST: PR 72, 5 .  
AS. PROTOPOPOV, Ju. A. SELICKIJ 11. S.11. Sam\ - 
JEV: AI3 4, l!W; S J - E  4, 256 (1958); Iicr~ti~nrrgic 
1, 1077 (1!)58); J. Sucl. Energy 9, 15i  fl!)5!#). 
-1.S. PROTOPOPOV u. V.P. EJsms-r: ;\I*: I. l!U: 
SJAE I, 26.5 (1958); Kemenrrgie 1, 10x1 cl!,>s): 
,r. SUCI. Energy 9, 164 (ISGY). 
-1.S. PROTOPOPO\~ 11. V.P. EJSMOST: zI.:’rF 34. 2511; 
JETP 5,  173 (1958). 
AS. PROTOPOPOV it .  R.M. S I K J ~ J E \  : ~ K T F  3-1. 
331; JETI’ 7, 2331 (1058). 

Pr 58-5 AN. PROTOPOPOV, G.M. T01~~1 i i . k : ~ ,  V. S. C.~.U.KI.J, 
R.T. VENEDIKTOYA, 1.“. KRI~JI-K, L. 1’. l < o D i n -  
SOYA u. G.Y. JAKOVLWA: -%E 3. 130; X.JAl*: 5, 
963 (1938); Keriienerpie 2, 592 (1!)5!)). 

Pr 58-6 -4.S. PROTOPOPOT 11. 11.\-. BLIZOV: AT< 3. i 1 ;  
SJ-1E 6, 883 (1938); Kernenergic. 3, 591) (195!1). 

Pr 59-1 AS. PROTOPOPOX-, Jr-. A. SELICXIJ 11. S.31. SOLUV- 
JEV: .%E 6, 67; Kernenergie 2, 10% (1!159). 

8ETF 36, 920; JETP 9, 650 (1959). 
Pr 59-3 A.X. PROTOPOPOV 11. B.31. QIHJAJEY: %ETF 36. 

954; JETP 9, 674 (1959). 
Ha 58-1 R.RAMANNA ti. P.?~.HAxA RAO: Pr-113 la, 361 

(Pp633). 
Re 55-1 Z.L. REISEKS, J.1). PISEOAS a. R. 8. SIIAXKL~SIJ: 

Re 53-2 G.W.REED: PI3 98, 1327. 
Re 58-1 C.W.REIC‘H 11. X.S.BIOORE: PR 111, 929. 
Re 59-1 R.B. REGIER, 1V.H. BVRCX-S u. K.L. TROMP: P1Z 

113, 1589. 
Ri 52-1 H. G. RICHTER u. CH. D. CORYELL: XEC‘U-2087. 

S. 40. 
Ri 34-1 H.G. RICHTER 11. CH. D. CORYELL: PR 9.5, 1350. 
Ri 56-1 S.E. RITSEX~: UCRL-3266. 
Ro 50-1 L . R o s ~ s  u. A . X . H u ~ s o s :  PR 78, 333. 
Ro 57-1 L.D. ROBERTS, J.W.T. DABBS u. G.W. PARKER: 

ORNL-2302, S. 31. 
Ro 58-1 L.W. ROELAND, L.N. BOLLIXGER 11. G.E. THOJIAS: 

PUAE 15, 440 (P/s51). 
Ro 58-2 L.D. ROBERTS, J.W.T. DABBS u. G.W. PARKER: 

ORNL-2430, S. 51. 

PI’ 59-2 A. ?i. PROTOPOPO\-, I. .%. BARAXOV 11. V. 1’. EJSMOST: 

XECU-3141. 

Ky 56-1 S.[;. R Y - % ~ ? ~ o v :  ZETF 34). 599: .JETP 3. 63.7 

Sa ri-1 DE SIUWRE it. E.(;. SILVER: O H S L - ~ ~ I Y I .  

Sa 56.2 ,J.E:. S.IVDERS 11. C.J. KES\V.\RD: J .  Sucl. Eilrrgy 

SU 56-3 V . L .  S i ILOR:  Pc.\E 4, 199 586). 
sc T i - I  [<.-I. S c X m  u. s. S r c . . ~ R > I . i s :  P R  95. 1260. 
SC 5i-I I<. . \ .  S~(XSIITT U. K. H. I)L-FFIELD: PR 105. 1 2 i i .  
Se 47-1 K. SERHHL: P R  71, 1114. 
Se 32-1 G.T. SEABORO: PH 85, 15i. 
*%2 32-2 c;.T. SE.\BOR<i: P H  8r. 14L%. 
SC 34-1 E:. SiE(:i& U. C. WEIGASD: I’K 94. 1:;. 

(1976 X). 

S. 10.5. 

3. io .  

Se 58-1 E.J.  SEPPI: HW-34591. S. 13. 

Sh 58-1 F.J. S~IORE 11. V.L. SAILOR: I’V-1E 15. 11s (P&18). 
Sh 59-1 . K . A .  SHARP i t .  -1.t.. PA PI'^>: . I .  Itiorp. Siicl. Client. 

Sk 56-1 K. SKIK<\A~::  PCAIE 2. 185 (Pw8t.r). 

Sh 50-1 R.L. SHCRET: CCRL-793. 

10. 173. 

Sk 55-1 s. v. SKIJAR~:VSKIJ. 1). 1.:. F o > f E \ K o  11. E. 1’. STE- 
PASO\:  ZETF Pi, 2:i: .JE:TL’ 5. ?20 (1!)57). 
l).JI. SKYRYE 11. c:.S. H ~ R M S G :  Suovo Citn. (It,) 
9. 1on2. 

\-EDEv: ZETF $6. 326; J E T P  9. 225 (1959). 

-1 .H.  S ~ I T I I .  -1.11. FRIEI)\I.\S i t .  P.R. FIELD-: I’R 
102, 813. 
-1.H. SMITH, [’.I<. FIELIJ* 11. -1.11. FRIEDMAS: 1’R 
101. 6!W. 

Srn 37-1 A.B. SMITH. P.H. FIELDS 11. -1.31. FRIEDMAS: PR 

Sin 37-2 -1. B. SIIITII. 1’. I<. FIELLIS 11. J. H. ROBERTS: PH 

Sk 58-1 

Sk 59-1 V.V. SKL74RLVSKIJ. E. 1’. STtl’.ISOV 11. B..‘L. JIED- 

Sm 56-1 

SI11 36-2 

106, ii!). 

108, 411. 

- 58 - 



Sm 58-1 

Sm 58-2 

Sm 58-3 

Sni 59-1 

Sm 59-2 

St 49-1 

St 54-1 
St 54-2 
St 54-3 

St 56-1 
St 56-2 

St 56-3 

St 57-1 
St 57-2 

St 58-1 

St 58-2 

St 58-3 
St 59-1 

s u  50-1 
SU 53-1 
SU 56-1 

Su 37-1 

s\r 31-1 

sw 55-1 
S n  35-2 
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Fission process 

~m~~~ spontan. 

~ 9 5 2  spontan. 

em244 spontan. 

~ m 2 4 2  spontan. 

puZ4' spontan. 

~ u 2 4 1 +  n 

~ u 2 4 Q  spontan. 

~ 2 3 9  + n 

$38 + e12 

~ 2 3 8  + n 

+ P  u238 

u238 + 7r+ 

$38 + 7r 

u238 + y 

$38 spontan. 

$35 + n 

u~~~ + n 

ThZ3' + n 

Th232 + y 
ThZz9 + n 

RaZz6 + n 

Sizo9 + n 

+ P  &09 

Sizo9 + n- 
AuIg7 + CI2 

Table 5.2 Measurement of the energy distribution and range of 
fission products. (Numbers in parentheses: 

E/MeV; in photofission: Ee/MeV. ) 

Measurement of 
T1, Th for fission- 

product pairs 

Sm 58-2 

Sm 56-1 
Hi 57-1 
BO 58-2 

Sm 58-2 

Sm 58-2 

Sm 57-1 

Sm 57-1 (th) 

MO 58-1 

Br  50-2 (th) 
MO 58-1 (th) 

KO 58-4 

Br 50-1 (th) 
Wa 54-1 (14) 
KO 58-4 (th) 

B r  50-1 (th) 
Fr 54-1 (th) 

Sm 58-1 (th) 

Measurement of 
Vb. Vh for fission- 

product pairs 

Mi 58-1 
St 58-3 

St 57-1 (th) 

St 57-1 (th) 

St 57-1 (th) 

Measurement of T 
for single fission 

products 

Sh 50-1 
Ha 51-1 

Se 54-1 

Se 54-1 (th) 
Wa  54-1 (th; 14) 

JU 49-1 (45; 90) 
Wa 54-1 (2.5; 14) 

KO 56-1 (17.7) 
KO 59-1 (12.5) 

Wh 50-1 

Fo 47-1 (slow;-l) 
Ju 49-1 (90) 
Fr 51-1 (2.5; 14) 
Wh 50-1 (th) 
Wa 54-1 (th; 14) 
KO 59-1 (Slow) 

Fo 47-1 (c: 1) 
J u  49-1 (45; 90) 

KO 56-1 (17.7) 

NO 58-1 (4 - 21) 

Ju 49-1 (90) 

Measurement of the 
range distribution 

P O  59-1 (75) 

Be 55-1 (150 - 380) 

Pe 55-1 (460; 660) 
ga 55-2 (660)  
IV 56-2 (140 - 860) 
IV 57-1 (140 - 660) 
De 58-1 (350) 

De 58-1 (280) 
IV 58-1 (280) 
IV 58-2 (280) 

Be 55-1 (slow) 
Pe 55-1 (slow) 
Pe 55-4 (slow) 
De 58-1 (slow) 

Pe 55-1 (460; 660) 
s a  55-2 (660) 
Da 59-1 (660) 

Pe 55-1 (slow) 

PO 59-1 (75) 

Pe 55-1 (460; 660) 
ga 55-2 (660) 

Pe 55-1 (slow) 

De 58-1 (180 - 660)  
ga 58-1 (300 - 660)  
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Table 7.21-1. Specific independent and specific cumulative yields 
of fission products for spontaneous and thermal fission 

Fission product 

(78136 

Rbe6 

J126 
~ 1 3 0  

cs136 

Rbe6 

Y 90 
Y91 

Nb96 

Tcg8 

Rh102 

TeI3' 

Xe133 
~ e 1 3 5  

Specific 
independent 

Yield 

0.11 f 0 . 0 2  

1.6 10-4 

(2.4 * 0.2) . 10-4 
(2. o * 0.1) . 10-3 

3.1. 10-3 

0.009 

-10-4 
1 .4 .  10-4 
1.6. 10-4 

0.015 

- 6 .  

1.3 . 10-5 

< 9 .  10-3 

9 - 10-5 
1.4 .  10-4 

3 * 10-8 

c 1.7. 10-7 

< 6 .  

0.04- 0.12 
0.14 
0.15 * 0.07 
0.36 f 0.17 

(9. 8 * I. 0) . 10-5 
(2.8 f 0.2) - 10-4 
< 0.01 
< 0.01 
< 0.05 
0.11 f 0.02 
0. 13 
0.18 f 0.02 
0.21 

< 0.001 
0.027 
0.035 
0.049 
0.051 f 0.007 
0.53 

1.0. 10-3 

< 7. 10-4 - 0.02 

< 6.8 * 
< I. 1 .  10-4 

< 10-3 
(2.5 + 0.8) . 
< 8 .  10-5 

5 . lo3 

(I. 1 i 0.1) . 10-3 
(3 .8 f 0.3) 10-3 

0.02 

3.6 * 

Specific 
cumulative 

Yield 

0.96 
0.86 
0.59 
0.31 

0.82 
0.59 
0.21 
6.5 . 10-3 
I. 1 .  10-3 

References 

St 54-1 

St 56-2+ 

Ke 56-1 
Ke 56-1 

St 56-2+ 
St 56-2+ 

KJ 59-1 

Ke 56-1 
Fe 51-2 
St 56-2+ 
Ece 56-1 

Wa 58-1 
Wa 58-1 
Wa 58-1 
Wa 56-1 

St 56-2t 

G r  57-1 
Re 55-2 

St 56-2+ 
Wa 58-1t 

Wa 58-lt  

SW 51-1 

Wa 58-1+ 
Wa 56-1+ 
Pa 56-1 
Pa 56-l+ 

Ke 56-1 
Ke 56-1 
Wa 55-1 
Wa 55-1 
Wa 55-1 
Wa 55-1 
Wa 58-1+ 
Pa 56-1+ 
St 56-2 t  

Ka 53-1 
Br 53-1 
Ka 53-1 
HO 51-2 
Pa 56-1t 
St 49-1 
Wa 58-1 
Wa 56-1 
Wa 58-1 
Wa 58-1 
Wa 58-1 

St 56-2t 

Gr 57-1 
FO 53-2 

Pa 56-1+ 
St 56-2+ 

Ke 56-1 
Ke 56-1 

Gr 57-1 

Pa 56-l+ 

Ke 56-1 
Ke 56-1 

St 56-2+ 

Gr 57-1 
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Table 8 .2  11. Mean number of neutrons emitted pe r  fission for 

spontaneous fission from Bo 58 -3+. ) 
spontaneous and thermal fission. (Optimum values for 

- 
U 

Nucleus 

References 

I 
Fm254 
Cf254 
Cf252 
Cf246 
Bk249 
~ m 2 4 4  
~ m 2 4 2  
Pu2 42 
Pu240 
Pu238 
Pu236 
u238 

Target 
nucleus 

Am241 
Pu241 
Pu239 
u235 
u233 
Th229 

- 
V 

4.05 f 0.19 
3.90 f 0.14 
3.84 f 0.12 
2.92 f 0.19 
3.72 f 0.16 
2.82 f 0.09 
2.59 f 0.11 
2.28 f 0.13 
2.23 f 0.05 
2 .28  f 0.10 
2.17 f 0.20 
2.30 f 0.20 

Refer  enc es 

Ch 56-1 
BO 58-3+ 
C r  56-2, Di 56-1, Hi 56-1, Bo 58-2 
BO 58-3+ 
BO 58-3+ 
C r  56-2, Di 56-1, Hi 56-1 
C r  56-2, Hi 56-1 
C r  56-2, Hi 56-1 
C r  56-2, Di 56-1, Hi 56-1, Bo 58-3+ 
C r  56-2, Hi 56-1 
C r  56-2, Hi 56-1 
Li 52-1 

I Thermal  fission 

I 

3.14 f 0.05 
3.06 f 0.04 
2.90 f 0.04 
2.47 f 0.03 
2.51 f 0.03 
2.13 f 0.03 

Le 58-3 
HU 58-2+ 
HU 58-2+ 
HU 58-2+ 
HU 58-2+ 
Le 58-4 

I I 
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Table 8.212. Mean numbers of neutrons emitted per fission for fission 
by neutrons, (See Le 58-1+, Table 2 and 3 for details. ) 

Target nucleus E,/MeV 

Pu239 14.2 

u233 14.8 

Th2 32 4.0 

- 
L References 

4.75 f 0. 4 Le 59-2 

4.4 f 0.45 Pr 58-6 

2.70 f 0.10 BO 58-3 
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Table 8.22. Measurements  and computations of the  energy  spec t r a  
of prompt  neutrons. (Numbers  in parentheses:  

En/MeV. Otherwise, En N 0.025 eV. ) 

Fis s ion  
p rocess  

~ ~ 2 5 2  spontan. 

pu241 + n 

pu239 + n 

u233 + n 

Spectrum 
mea sur ement  

Hj 56-1 
Sm 57-2 
BO 58-2 

Sm 58-2 

Ne 52-2 
Gr  56-2 
Er  57-1+ 
KO 57-1 
BO 58-3(4) 
KO 58-1 

(0.05 - 0. 7) 

B1 43-1 
Hi 52-2 
Ne 52-1 

Wa 52-1 
Ni 53-1 
C r  56-1 
Le 56-1+ 
Er  57-1+ 

BO 52-1/+ 

BO 58-3(4) 
KO 58-1 

(0.05 - 0.7) 

He 55-1 
G r  56-2 
He 56-2 
E r  57-1+ 
KO 57-1 
KO 58-1 

Sm 58-2 
Sm 59-1 

(0.05 - 0.7) 

Tn/  MeV 
(optimum 

value f r o m  
Te 59-1) 

2.2 f 0.1 

2.00 f 0.05 

1,935 f 0.05 

1.96 f 0.05 

QlMeV 
(opt imum 

value f r o m  
Ta 59-1) 

0.71 

0.61 

0.58 

0.59 

Numerical  
computation 

of the spec t rum 
according to the 

evaporation 
theory 

Le 57-1 
KO 58-2 
Te 59-1 

Ba 57-2 

Le 56-2(0;3) 
KO 58-2 
KO 58-3 
Te 59-1 

(0  - 10) 
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Fig. 5. 21-1 .  Contour diagram 
for the thermal  or spontaneous 
fission of the compound nucleus 
Pu242 (Sm 57-1) 
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Fig. 5. 22-2 .  Distribution of the total 
kinetic energy of the fission products 

fo r  various a r e a s  of the fission 
rat io  in  the thermal  or  

spontaneous fission 
of the compound 

nucleus ~ ~ 2 4 2  
(Sm 57-1) 

Fig. 5. 3. Distribution of the 
kinetic energy of individual 
fission products i n  the 
fission of U235 by 
neutrons of various 
ene r gie s 
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Fig. 5.53-2. Mean energy magni- 
tudes (averaged like T I +  Th) as 
functions of the fission ratio for  
the spontaneous function of Cf 252 
(St 58-3) 
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Fig. 5.53-1. Most probable total 
kinetic energy of the fission product 
as a function of the fission ratio for  
the fission of Bi  and Ta by 450-MeV 
protons 
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Fig. 5.6. Mean total kinetic energy of all 

fission-fragment pairs  a s  a function of 
Z2/A1/Z3, computed from a number 

of data (Table 5. 2; Te  59-1) 
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Fig. 6.21. Anisotropies in the photo- 
fission of various nuclei a s  a function 

of the maximum energy of the con- 
tinuous radiation (Wi  56 - 1) 

Fig. 6.4. Anisotropy of the fission- 
fragment emis s ion and effective 
cross  section for the fission of 
Th232 by neutrons as a function of 
their energy (He 56-1) 
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Fig. 6 .  52. Anisotropy of the fission- 
fragment emission for the fission of 
various target nuclei by deuterons 
and @-particles a s  a function of 

parameter Z2/A of the com- 
pound nucleus (Co 58-2) 
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Fig. 6.53. Anisotropy of the 
fission-fragment emission 

in fission by very fast 
protons a s  a function 

of their energy 
(Ha 59-1) 
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Fig. 6. 54. Anisotropy in fission by 22-  
MeV protons as  a function of the 

fission ratio (Co 55-1) 
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Fig. 7.41-1. Charge distribution for 
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to  postulate b 
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Fig. 7.41-2. Charge distribution 
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Fig. 7.41-3. The most probable 
charge < Z >for isobars  of a mass  
number A as a function of A, 
according to Wa 58-1 
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Fig. 8. 213-1. Relative probability of 

neutron emission from light and 
heavy fission fragments and 
from both types of fission 

fragments a s  a function 
of the fission ratio for 

the thermal fission 
of U233 (Fr 54-1) 

Fig. 8.213-2. Number of neutrons 
emitted from one fission fragment 
a s  a function of the mass number 

of this fission fragment in the 
spontaneous fission of 

Cf252 (Wh 59-1) 
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Fig. 8.22. Measured energy 
spectrum and computed energy 
spectra of prompt neutrons in  
the s ontaneous fission of 
Cf25 i? (Te 59-1) 

Fig. 8.214. T as  a function of the 
total kinetic energy of the fission 
products in the spontaneous 
fission of ~ 9 5 2  
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Fig. 8.23. Measured and 
computed probability f o r  the 
emission of exactly v neutrons 
a s  a function of v for the sponta- 
neous fission of several nuclei 
(Le 56-2) 
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Fig. 8.32. Energy spectrum of the 
prompt gamma-radiation in the 

thermal fission of U235 and 
the spontaneous fission 

of Cf252 
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